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Thermal barrier coatings (TBCs) are insulating coatings used in gas turbine engines to improve
energy efficiency. The current choice of TBC material i.e. yttria stabilized zirconia (YSZ), is
limited to temperatures of less than 1200°C because of (a) undesirable phase transformations and
(b) prone to the attacks from calcium-magnesium-aluminum-silicate (CMAS) deposits.
In this research, the solution precursor plasma spray (SPPS) was employed for the further
development of yttrium aluminum garnet (YAG) coatings previously developed at UConn.
Thermal conductivity of SPPS YAG was reduced (0.58 W/mK at 1300 °C) by process
modifications to generate microstructures with layered porosity termed inter pass boundaries
(IPBs). Improvement in the SPPS process for YAG coatings was achieved by enhancing deposition
efficiency and deposition rate (DR) through optimizing spraying parameters and precursor
concentration. A highest DR value of 209 g/hour was attained thus cutting the cost by 4X over
previously deposited SPPS YAG. A 58% increase in standoff distance was also achieved by
employing a cascaded high energy gun.
The reactivity of YAG with CMAS was evaluated for the first time using systematic heat treatment
of composite powder pellets. Experimental results along with optical basicity theory demonstrate
that YAG is less reactive to CMAS than YSZ. Simultaneously, resistance of SPPS YAG TBCs
was evaluated through CMAS interaction tests, which demonstrated that YAG performed 2X and
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8X better than air plasma spray (APS) YSZ in different tests. The performance of YAG TBCs was
enhanced drastically (15X higher than previously tested SPPS YAG) by high prominence of IPBs
in the microstructure. It was concluded that IPBs act as secondary channels for CMAS infiltration
thereby limiting the infiltration depth and prolonging the life. This is proposed as a novel and
alternate CMAS mitigation strategy with relies only on microstructural features. The influence of
microstructure on CMAS infiltration was also studied on the highly CMAS resistant gadolinium
zirconate (GZO) TBCs deposited by both APS and SPPS process. A strong microstructural
influence was observed where APS outperformed SPPS GZO by 10X, arresting CMAS at a depth
of 25 microns. In SPPS GZO, crack width of <1 micron was necessary for the CMAS arrest.
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Chapter 1. Introduction, background and objectives

1.1

Introduction
Gas turbine engines are employed for two major purposes. Firstly, they are used in the
production of electricity and account for a major portion of US power supply. Secondly, they
are used as aircraft engines to provide thrust to the aircraft [1–4]. The thermodynamic
efficiency of gas turbines can be improved significantly by maximizing inlet temperature
which in turn reduces the operating costs [5,6]. The most promising approach to achieve
higher operating temperatures is the use of thermal barrier coatings (TBCs) which are thin
ceramic coatings applied to the hot section of the engine. The TBCs can provide upto a
300 °C temperature drop and thus allow the engines to run at higher temperature without
premature failure [1]. Yttria-stabilized zirconia with 6-8 weight percent yttria (7YSZ) has
been widely and successfully used for over 40 years due to its combination of outstanding
materials properties [1]. However, with increasing temperature demands of the industry YSZ
TBCs have become prone to two major problems. Firstly, at temperature above 1200 °C,
YSZ undergoes phase transformation which is accompanied by volumetric expansion and
premature failure [7,8]. Secondly, above 1200 °C, ingested silicate particulates (sand,
runway debris, volcanic ash etc.) starts to melt and attack YSZ TBCs both mechanically and
chemically causing spallation in the coatings [9,10]. As a result, there is a drive to seek for
alternative materials that can cope with the increasing temperature demands of the gas
turbine industry [11].
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The primary aim of this research is to develop a new ultra-high temperature thermal barrier
coating system through a novel deposition technique, solution precursor plasma spraying
(SPPS), that can meet the latest challenges in the turbine engine industry. The work includes
development and optimization of coating microstructure and its systematic testing to
generate all pertinent properties needed for a TBC. The detailed objectives of the thesis are
discussed in section 1.3.

1.2

Background

1.2.1 Gas turbine engines

As mentioned before gas turbines serve two important purpose: generation of electricity
and propulsion of aircrafts [1–4]. The efficiency of gas turbine engines increases with the
operating temperature and hence reduces the overall operating costs [5,6]. Three major
breakthroughs have enabled the gas turbines to run at elevated temperature and are stated
as follows [6,12]:
a. Implementation of new superalloy compositions with enhanced creep and high
temperature oxidation resistance;
b. Internal film cooling of complex components via holes which allow cold gases to
run through them;
c. Implementation of TBCs.

From Figure 1.1 [5] it is clear that the implementation of TBCs result in the maximum
allowable material and well as inlet gas temperature, thus resulting in increased efficiency
and reduced operating cost.
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Figure 1.1 Historical data of maximum gas inlet temperature and material's surface temperature with and without
the use of thermal barrier coatings Historical data of maximum gas inlet temperature and material's surface
temperature with and without the use of thermal barrier coatings. [5]

1.2.2 Thermal barrier coatings

Thermal barrier coatings (TBCs) are complex multilayer system that are generally
comprised of four layers and provide thermal protection to the metallic components of the
gas turbines. These layers include: a thermal-insulating ceramic top coat layer, a metallic
bond-coat layer, a thermally grown oxide layer (TGO) that is formed due to oxidation of
bond-coat and finally the superalloy substrate. Each of the four layers play a crucial role in
enabling a high temperature operation. Figure 1.2 shows a schematic of a TBC system
comprising of the aforementioned four layers. Thermal barrier coatings (TBCs) are complex
multilayer system that are generally comprised of four layers and provide thermal protection
to the metallic components of the gas turbines [1,13,14]. These layers include: a thermalinsulating ceramic top coat layer, a metallic bond-coat layer, a thermally grown oxide layer
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(TGO) that is formed due to oxidation of bond-coat and finally the superalloy substrate.
Each of the four layers play a crucial role in enabling a high temperature operation.

Figure 1.2 Cross-section of the thermal barrier coating applied on a gasturbine blade. [1]

1.2.2.1 Bond-coat layer

The bond-coat layer is used to improve the bonding between the substrate and the ceramic
top coat [12] by its oxidation and formation of a thin oxide layer, termed thermally grown
oxide (TGO) [15]. Thus, the composition of the bond-coat is selected in a way that
enables it to form a protective, phase stable and slow growing TGO layer. The TGO is
supposed to protect the bond-coat from further oxidation and should not introduce
morphological change in the coating to create defect at the interface. The composition of
the bond-coat is generally either platinum- modified nickel aluminide (PtNiAl) or
MCrAlY alloy where M can be Cr, Ni and Fe in any ratio [16,17]. Irrespective of the
composition, the general theme is that the bond-coat is Al rich and facilitates the forming
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of α-Al2O3 which is the desirable TGO as it slows the further oxidation of the bond-coat
[18].

1.2.2.2 TGO layer

As mentioned in the previous section, the role of TGO is to improve adhesion of the
ceramic top coat to the bond-coat and prevent its further oxidation. The composition of
TGO is generally α-Al2O3 which is a desirable phase as it is compatible with most of the
top coat material, highly adherent to bond-coat and has a slow growth rate because of low
oxygen diffusivity [1,4]. A slow growth rate of TGO is critical to prevent morphological
change in the TBC and causing premature spallation during service. Depending on the
bond-coat compositions, other phases such as NiAl2O4 or FeAl2O4 spinel can also form
[19]. These phases are undesirable and have been reported to cause premature failure in
the TBC systems.

1.2.2.3 Topcoat layer

The topcoat of the TBC is a ceramic material capable of withstanding a high temperature
and providing thermal protection to inner lying components [1]. Since the environment
in which TBCs operate is highly taxing the topcoat material needs to have several
properties listed below [12]. It should be noted that all of these properties are critical
without which a TBC system would fail.
a. A low thermal conductivity (TC) to provide maximum thermal insulation.
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b. Low thermal expansion mismatch with the underlying layers to prevent stress
generation during service.
c.

Phase stable from room temperature up to its operating temperature.

d. Thermodynamically compatible with the TGO.
e. High fracture toughness for prolonged service life and resistance against erosion
damage.
f. Resistant to siliceous melt deposits like sand, volcanic ash and fly ash [20].

The state of art material used for TBCs is 6-8 wt.% Yttria stabilized zirconia (YSZ) because
of its well-rounded properties such as high thermal expansion coefficient (~11x10-6 °C-1),
high fracture toughness and low TC (~2.3 W·m-1·K-1) [1,21]. Addition of yttria allows the
stabilization of metastable tetragonal prime phase (t’) from room temperature to ~ 1200°C.
This not only prevents the detrimental phase change from tetragonal to monoclinic
accompanied by a destructive volumetric expansion (~4%) but also provides higher
fracture toughness associated with the tetragonal phase [22].

1.2.3 Challenges for TBC top coat materials
1.2.3.1 High temperature limitation

The metastable tetragonal prime phase (t’) of YSZ at temperatures above 1200°C starts
to undergo phase transformation to form tetragonal and cubic phases [8] due to
accelerated diffusion [23,24]. These phases then undergo phase transformation to
monoclinic accompanied by a detrimental volumetric expansion and hence coating
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failure. YSZ also becomes prone to accelerated sintering at high temperatures which
results in densification. Densification of the coating leads to compounded issues, (a)
Increased elastic modulus of the coating which causes loss of strain tolerance in the
coating and (b) Increased TC and hence poorer thermal protection for the underlying
bondcoat and superalloy which become prone to oxidation.

1.2.3.2 Corrosion damage

Probably corrosion damage to the coating is the biggest issue the turbine industry is facing
currently. During service gas turbines ingest airborne particles such as dust sand, volcanic
ash, runway debris etc. With the increasing temperature of engines, at temperature above
1200°C these impurities start to melt form a glassy composition which stick and attack
the top coat [9,20,25–27]. The compositions of these deposits generally consist of CaO,
MgO, Al2O3 and SiO2 and hence is referred by a generalized name CMAS. Other
components include Fe2O3, TiO2 K2O, Na2O etc and is dependent upon the geographical
location from where the CMAS is collected.
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CMAS upon melting form a glassy material which degrades the durability and thermal
characteristics of the coating through thermomechanical as well as thermochemical
effects as shown in Figure 1.3. Infiltrated CMAS causes high internal stresses due to a
coefficient of expansion mismatch, and most importantly loss of strain tolerance due to
infiltration of stress relieving cracks and pores and consequent thermal cycling leads to
spallation much sooner than expected [9,20,25–27]. Molten CMAS is also known to
partially dissolve YSZ coatings which on reprecipitation results in precipitation of Yttria
lean YSZ leading to phase transformations from the desirable tetragonal prime to the
detrimental monoclinic of YSZ [9,10]. A number of studies have been done in the recent
years to mitigate the CMAS attack on the coatings and will be discussed in the upcoming
sections.

Figure 1.3 Schematic of CMAS attack on TBC top coat. (a) Shows thermo-mechanical
damage to the topcoat and (b) shows thermo-chemical attack to the top coat. [108]

8

1.2.4 Alternate materials for topcoat
1.2.4.1 Materials for high temperature capability
Several ceramic materials have been proposed and evaluated as higher temperature TBC
candidates to improve gas turbine efficiency [5,21,28–31]. The most commonly studied
materials include: (1) zirconia based systems with dopants, such as CaO, MgO, Sc2O3,
CeO2, Ta2O5 and HfO2, that can improve the phase stability of YSZ [3,32–35]. (2) rareearth zirconates with pyrochlore structure, such as La2Zr2O7, Nd2Zr2O7, and Gd2Zr2O7,
that have higher melting points, phase stability and lower thermal conductivities than
those of YSZ [36–38]. (3) perovskite materials, that have very high melting points. Many
of these advanced TBCs exhibit some superior properties to YSZ, including higher
temperature capability and reduced TC, but usually lack one or more engine critical
properties, including thermal cycle durability and/or erosion resistance owing to YSZ
having a high fracture toughness [21]. These property limitations have restricted the
application of most advanced TBCs.

Yttrium aluminum garnet (YAG- Y3Al5O12) is another promising topcoat candidate
material that has demonstrated much improved phase stability and cyclic durability in
comparison to conventional YSZ TBCs [11,39,40]. An in-depth discussion of YAG is
done as it will form the basis top coat material for the thesis. Bulk yttrium aluminum
garnet (YAG) is a well-known oxide that has some desirable physical and mechanical
properties in comparison with YSZ for higher temperature TBC applications (Table 1),
such as high temperature phase stability up to its melting point (1970°C) [41] and
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decreasing TC with temperature [42]. YAG also has higher hardness, lower density and
is an excellent oxygen diffusion barrier [43]. Previous studies have shown that traditional
APS YAG TBCs can be deposited with an amorphous or a mixed amorphous/crystalline
phase structure. TBCs with both structures show poor durability because of the
transformation strains induced from amorphous to crystalline upon heating and the
greater thermal expansion mismatch strains with an as-deposited crystalline
microstructure [44].
Table 1.1 Comparison of Properties of Bulk YSZ and YAG TBCs.

Material Property
Melting Point (oC)
Maximum Operating Temperature (oC)

YSZ
2680
1200
2.2-2.9 (6-8 wt%)
[45,46]
9.5×10-6
6.1
~13 [47]
5.3 [49]

Thermal Conductivity at 1000oC (W·m-1K-1)
Thermal Expansion Coefficient (ppm/K)
Density (g/cc)
Vickers Hardness (GPa)
Fracture Toughness (MPa.m0.5)

YAG
1970
>1500
3.2 at 1000°C [45]
7.5×10-6
4.55
16.5-17 [48]
~1.8 at 25°C [50]

1.2.4.2 Materials for enhanced CMAS resistance

Mitigating the detrimental effects of CMAS requires vigorous reaction between the
CMAS and the top coat material leading to formation of secondary phases which can
inhibit the further infiltration of CMAS melt in the coatings. Gadolinium zirconate (GZO)
has been one of those materials that have been extensively studied and deployed in service
engines owing to its low TC [8], high temperature stability [51] and enhanced resistance
to molten silicate deposits [25,52–58]. This is achieved by vigorous reaction between
GZO and siliceous melt and formation highly stable crystalline apatite phase
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(Ca2Gd8(SiO4)6O2) that prevents further penetration of the melt. The arrest mechanism
has been observed in different TBC microstructures (EB-PVD [25] and APS [54,57,58])
and seems to be relatively insensitive to the type of molten silicate composition (CMAS
[57], volcanic ash [58] and coal fly ash [54]). One such example is shown in Figure 1.4
where CMAS melt is arrested in EB-PVD coating due to formation of apatite phase.
However, GZO has lower fracture toughness than YSZ due to absence of ferroelastic
toughening mechanism [59], thus may exhibit poorer performance as compared to YSZ
in thermal cyclic experiments, erosion and damage occurring from foreign objects. To
counteract this and deal with compatibility issues with the TGO, double layer TBCs are
often used with the inner layer being YSZ and the top coat being GZO [60]. Since the
failure during thermal cycling usually happens near or at the ceramic to thermally-grownoxide interface due to formation and propagation of microcracks, an inner layer of hightoughness materials helps mitigate this problem.
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Figure 1.4 CMAS blocking reaction in EB-PVD GZO coating. [53]

Another material that has shown considerable CMAS resistance is Al2O3/TiO2-doped
YSZ where the metastable alumina reacts with CMAS to form anorthite (CaAl2Si2O8)
which results in freezing the CMAS melt infiltration. TiO2 acts as a nucleating agent and
enables fast crystallization of anorthite.

1.2.5 Conventional deposition techniques for ceramic topcoats
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The two conventional deposition processes for TBCs have been electron beam-physical
vapor deposition (EB-PVD) and air plasma spray (APS). The two processes are intrinsically
different and produce very different microstructure as shown in Figure 1.5 [61]. Irrespective
of the processing techniques, the aim is to deposit a coating that has all the critical properties
needed for TBCs. The strain tolerance and low conductivity in the coatings are achieved by
porosity and discontinuity in the microstructure. In the following sections EB-PVD and APS
techniques are discussed separately.

Figure 1.5 Typical microstructures of TBCs deposited by the (a) EB-PVD and (b) APS process.
[109]

1.2.5.1 EB-PVD process

In EB-PVD process, high energy electron beam is used to volatilize a target material. The
substrates are then exposed to the vapor, where the deposition takes place over time to
develop into a TBC of desirable thickness. As shown in Figure 1.5a, the microstructure
produced by EB-PVD is columnar with gaps between the columns [1,29]. The gaps
provide strain relief to the coatings during heating-cooling cycle thereby leading to a high
13

cyclic durability. On the other hand, the dense through thickness columns results in a
higher thermal conductivity of the coatings approaching that of dense YSZ. For EB-PVD
YSZ topcoats thermal conductivity fall in the region of 1.5 - 2 Wm-1K-1 [62]. Other draw
back of the process is the cost of setup and production which is much higher as compared
to APS process.

1.2.5.2 APS process

In APS process powder feedstock of required material is fed in the plasma jet. The fed
powder particles accelerate and melt before hitting the substrate in the form of splats [1].
Successive deposition of the splats leads to the buildup of the coating. Figure 1.5b shows
the microstructure of an APS coatings which has high porosity and horizontal cracks
produced between splat boundaries. The horizontal porosity result in lowering the thermal
conductivity of the coating due to phonon scattering. Depending on the porosity, thermal
conductivity of APS YSZ falls in the range of 0.8~1.7 Wm-1K-1 [63]. Apart from low
thermal conductivity, APS is a low-cost process as compared to EB-PVD. The drawback
of APS coating is generally lower cyclic durability as compared to EB-PVD coatings,
resulting from lack of strain relieving vertical cracks.

1.2.6 Solution precursor plasma spray process

Solution precursor plasma spray (SPPS) is a relatively new deposition process where
instead of powder feedstock, liquid precursor is directly injected in the plasma jet [64–68].
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Despite its similarity with APS process, SPPS offers several benefits over the conventional
deposition processes.
1. Easy exploration of different stoichiometry and chemical compositions as this requires
only mixing of metal salts in a solvent as compared to preparation of spray dried powder
feedstock for APS process.
2. Homogeneity and phase uniformity in the coatings is easily available as in precursors
mixing can be achieved at molecular levels.
3. The novel microstructural features of a SPPS coating offers benefits of both EB-PVD
and APS processes. This will be discussed later in the section.

Figure 1.6 Schematic of Solution Precursor Plasma Spray (SPPS) process. [11]

A schematic of the SPPS process is shown in Figure 1.6 where the precursor is driven using
a peristaltic pump and injected in the plasma jet using an atomizing BETE nozzle. Instead
15

of atomizing, the precursor can be injected in the form of a stream using steam injectors.
The precursor droplets go through a series of physio-chemical changes before reaching the
substrate and is shown at the bottom of the same figure. The changes include primary
breakup, a secondary breakup due to drag force from the plasma jet, solvent evaporation
leading to precipitation and shell formation, pyrolysis, sintering and melting before
impacting the substrate to form splats [67,68]. The size of the splats for SPPS process is

Figure 1.7 Microstructure of a coating produced by SPPS process which includes (a)
through thickness vertical cracks, (b) layered porosity and, (c) ultra-fine splats. [69]

1/100th of the APS splats. The SPPS process produces microstructures with several novel
features [64,66,70,69] and are shown in Figure 1.7 which shows through thickness vertical
cracks in (a), layered porosity, termed inter pass boundaries (b) and ultra-fine splats. The
through thickness vertical cracks provide strain relief during thermal cycling leading to
higher thermal cycling durability as compared to APS or even EB-PVD coatings [71,72].
Thermal conductivity of SPPS TBCs is lower than both APS and EB-PVD because of nano
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and micron sized uniformly distributed porosity [64,70] and due to larger density of splatto-splat contact regions per unit thickness because of the smaller splats. The thermal
conductivity can be further reduced by engineering the porosity to form layers called interpass boundaries [73,74]. Due to smaller splat size, the in-plane fracture toughness of SPPS
coatings are higher than APS coatings along with lower modulus and higher hardness. The
phase stability of SPPS coatings was confirmed by Xie et al [75].
Previous work done with SPPS process has shown successful deposition of coatings with
different compositions including, YAG [40], Y2O3 phosphors [76], YSZ [74], GZO [77],
TiO2 [78]. With the operating cost of SPPS being greatly lower than EB-PVD and slightly
higher than APS [79], while offering unique and novel features SPPS offers a promising
future in the processing of TBCs.

1.3

Thesis objectives

At the outset of this thesis, it was established that with SPPS process, YAG coatings could
be successfully deposited with YAG as the primary phase and YAP and YAM as minor
secondary phases [40]. In the study the SPPS YAG coatings showed better thermal cycling
durability as compared to APS YSZ coating which was attributed to the through thickness
vertical cracks that offer strain relieving during thermal cycling. This thesis work then
extended both the understanding and performance of YAG. The overarching objective was
to demonstrate YAG coatings as a superior choice for high temperature TBC and further
improve these coatings while advancing fundamental understanding related to this goal. To
achieve this objective the following three objectives were set:
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1. Reduce the thermal conductivity of SPPS YAG TBCs by microstructural
optimization.
2. Define and optimize the CMAS resistance of SPPS YAG TBCs.
3. Improve the SPPS process for YAG coatings by enhancing the deposition efficiency,
deposition rate and the standoff distance.

1.4

Overview and summary

Before the work for thermal conductivity (TC) reduction through microstructural
optimization was undertaken, the critical TBC properties of previously developed SPPS
YAG coatings were generated and benchmarked against the industrial standard APS YSZ
coatings. Chapter 3 summarized these properties including, coating hardness, thermal
cycling, TC, phase stability, sintering resistance and erosion performance.
The TC of the existing SPPS YAG coatings was reduced even further by optimizing
processing conditions and microstructure. This was achieved by engineering the
microstructure in such a way that the porosity in the coatings are layered horizontally. These
layered porosity, termed inter pass boundaries (IPBs), impede the flow of phonons and force
them to take longer paths thereby reducing the TC. Chapter 4 is dedicated to the thesis work
involving the study conducted on introducing IPBs in the SPPS YAG coatings from Chapter
3. Finally, TBC critical properties are generated and benchmarked against APS YSZ TBCs.
The mechanism of IPBs formation was studied from a fundamental aspect by conducting
single and raster scan deposition to understand the analyze the deposition patterns.
Simultaneously, the entrainment of precursor in the plasma jet was imaged to identify the
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origin of the deposition patterns. This study along with a guideline to the formation of IPBs
has been discussed in Chapter 4, Section 4.4.
To improve the SPPS process for YAG coatings, three properties were identified and sought
for enhancement. These include, deposition efficiency (DE), deposition rate (DR) and
standoff distance. Coating cost is dominated by time to deposit the coating (deposition rateDR) and to a significant but lesser extent, by deposition efficiency (DE) which reduces
material costs. Enhancing DE/DR in SPPS process is explored by (a) modifying precursor
concentration and (b) modifying deposition conditions. The study is presented in Chapter 5.
A higher standoff distance is another critical parameter in thermal spray and a step towards
commercialization of the SPPS process as it would enable coating complex parts with varied
geometries. To achieve the same spray trials were conducted using a high energy Metco
Sinplex Pro gun. A Taguchi L8 (2^7) array with two level design is employed to firstly
understand the effects of different processing variables on the response variables (DE/DR
and coating thickness/hardness) and secondly to find conditions for depositing coatings with
acceptable microstructure and hardness. The results are discussed in Chapter 6.
In this thesis, for the first time, the reactivity of YAG and resistance of YAG TBCs to CMAS
was evaluated. To evaluate the reactivity of YAG with CMAS, mixed powder pellets of
CMAS and YAG are systematically heat treated at various temperatures and analyzed for
phase changes through XRD, SEM and EDS. After the reactivity tests, resistance of SPPS
YAG TBCs (from Chapter 3) is studied through two different experiments: (a) CMAS paste
test- A 10mg/cm2 of CMAS paste was applied on the TBCs and the samples were subjected
to cyclic furnace tests in an isothermal furnace till the coating failure. (b) CMAS spritz testLow dosage of aqueous CMAS was applied every cycle to simulate a continuous ingestion
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of CMAS during service and the samples were cycled similarly to failure. In both the tests,
APS YSZ TBCs were used as baselines. Post failure, CMAS infiltration depth,
microstructure morphological change and surface reactivity is systematically analyzed and
presented in Chapter 7.

The conventional CMAS mitigation strategy has been to employ a material (generally rare
earth rich and thus expensive) for the TBC that can react vigorously with CMAS to form
stable secondary phases which blocks the CMAS melt from penetrating further. However,
developing and using engineered microstructure for CMAS mitigation has been neglected
so far. The work in the thesis seeks to exemplify the influence of microstructure on CMAS
infiltration and hence the TBCs resistance to CMAS. It was discovered that SPPS YAG with
high prominence of IPBs, termed heavy IPBs, performed significantly better than light IPBs
(15X) and APS YSZ TBCs (123X). It will be demonstrated that the horizontal pores (IPBs)
draw the CMAS away from the vertical channels, thereby keeping the CMAS infiltration
depth considerably lower and hence a drastic improvement in the coating life was observed.
The IPBs act as “reservoirs” to CMAS. It is concluded that significant CMAS resistance can
be achieved by having horizontal porosity layers, reduced vertical crack density and high
surface area on coating surface. The study is presented in Chapter 7 (Section 7.3).

The concept of Optical Basicity (OB) is reliant on the Lewis concept of acids and bases and
has recently been applied to predict CMAS reactivity [80,81]. The theory predicts YAG to
react less vigorously to CMAS than YSZ. With the experimental evidence from previously
described pellet tests, paste test and spritz test, it can be confirmed that YAG shows little to
negligible reaction compared to YSZ with CMAS. Thus, it is shown that the OB theory
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correctly predicts all the reactivity trends and can be a very useful tool in choosing TBC
materials for different strategies of enhancing CMAS resistance. The discussion is
summarized in Chapter 7 along with the results of CMAS testing of SPPS YAG coatings.
However, interaction of CMAS with SPPS YAG with heavy IPBs showed a stronger reaction
between YAG and CMAS as compared to the previously tested SPPS YAG coatings. This
was unexpected according to the OB theory previously discussed. At the same time, these
coatings performed 15X better than the previously tested YAG coatings. It was discovered
that there were two factors that were promoting the reaction between YAG and CMAS.
These included (a) feathery surface with high surface area, (b) lack of vertical cracks which
forced longer reaction time. This has been discussed in Section 7.3 of Chapter 7.
The influence of microstructure on CMAS infiltration is also demonstrated on gadolinium
zirconate (GZO) TBCs. The state of the art material for CMAS resistance is GZO owing to
its capacity to react with CMAS and form blocking phases. To study the influence of
microstructure both APS and SPPS GZO coatings were deposited and tested for CMAS
resistance. The study is presented in Chapter 8. It is shown that only specific GZO
microstructures demonstrate the resistance against CMAS. APS GZO coatings, owing to
high coating density, is highly CMAS resistant despite showing poorer overall thermal
cycling life without CMAS. On the other hand, SPPS GZO coating demonstrate 8X thermal
cycling life without CMAS as compared to APS GZO, however perform 15X poorer in
CMAS paste test. The vertical channels in SPPS GZO act as primary channels for CMAS
infiltration and the crack sealing is only observed when the width of the vertical cracks was
<1 µm.
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The effect of CMAS viscosity has not been well studied on coating infiltration. In Chapter
9, three CMAS compositions have been specifically prepared with 10X viscosity difference
amongst each of them. Different TBCs (SPPS YAG with and without IPBs, SPPS GZO and
APS YSZ) are infiltrated with the three CMAS at 1300 °C for 5 minutes. Post infiltration,
the depth of CMAS infiltration is measured in each of the TBCs and it is confirmed that a
CMAS with higher viscosity penetrates the coating to a lower depth than a lower viscous
CMAS.
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Chapter 2. Experimental procedures

2.1

Preparation and characterization of precursor for SPPS process

Precursor solutions for SPPS process with YAG and GZO as coatings were prepared by
mixing metal salts in DI water. YAG precursors was prepared by mixing stoichiometric
amounts of yttrium (III) nitrate hexahydrate (Y(NO3)3·6H2O, Alfa Aesar, Ward Hill, MA)
and aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Alfa Aesar, Ward Hill, MA) in distilled
water. The standard total equivalent oxide loading was ~150g/l and the concentration was
changed from -50% to 200% for different studies. For the SPPS GZO coatings, a solution
precursor was prepared by mixing 2.4 moles of gadolinium nitrate hydrate (Alfa Aesar, Ward
Hill MA) in 1-liter zirconium acetate solution (22.8 wt.% ZrO2 in diluted acetic acid, MEL
Chemicals Inc., Flemington NJ).
The thermal characteristics of precursor solutions was measured with DSC-TGA (SDT Q600, TA Instruments New Castle, DE) at a heating rate of 10°C/min and a 100 ml/min N2
flow. Viscosity of the precursor was measured using Ubbelohde glass viscometers (Cannon
Instrument Company, State College, PA).

2.2

Substrates

The substrates used for process optimization of the coatings were 304 stainless steel coupons
with diameters of 25.4mm and thicknesses of approximately 3mm. Prior to deposition, the
SS 304 coupons were grit blasted with 80 mesh alumina grit at 60-70 psi resulting in a
surface roughness (Ra) of 4-5µm measured via Phase II SRG-4500 Surface Roughness
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Profilometer. For furnace tests (thermal cycling and CMAS interaction tests), coatings
(SPPS YAG, SPPS GZO, APS GZO) were deposited on Haynes 230 superalloy substrates
provided by industrial partners with a dimension of 25.4mm diameter and ~3.5mm thickness.
These superalloy substrates already had a 100 µm HVOF NiCrAlY bondcoat and ~25±10
µm of APS 8YSZ as the inner layer applied by the industrial partner.
Baseline samples were provided to us by the same industrial partner and were tested in ‘as
received’ condition. These samples had a 250 μm top coat of APS 8YSZ and same bondcoat
and substrate as previously described, allowing a fair comparison of coatings.

2.3

TBC deposition using SPPS process

A Metco 9MB plasma gun (Sulzer Metco, Westbury, NY, USA) with GP nozzle (6mm) for
SPPS and GH nozzle (9mm) for APS was used for all the work except for work done under
Chapter 6 where Metco Sinplex Pro plasma gun was employed. The guns were attached to
a six-axis robotic arm (Axis New England, Danvers, MA). Argon and hydrogen were used
as the primary and secondary gas respectively. Precursors were introduced in the plasma jet
radially either atomized by injecting compressed air in BETE nozzle or using a stream
injector [O’Keefe Controls Co, Trumbull, CT]. The precursors were pumped using a
peristaltic pump in case of atomization and using a customized pressurized precursor
delivery system. Before the deposition, the substrates were preheated with the plasma gun
to 200 °C and the temperature was measured using a probe thermocouple contacting the back
side of the substrates. Different spray parameters were systematically recorded in
engineering sheets. The substrates were mounted in collet holders for coating deposition.
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In case of powder spray, GZO coatings, they were sprayed using commercial powders with
hollow sphere morphology (HOSP) obtained from Saint-Gobain ceramics (Worcester, MA),
with a particle size ranging between 10µm – 50 µm. A Metco 9MB Plasma Gun with a GH
nozzle (9mm) with a powder feeding port was used to produce all samples. Similar to
precursor injection, powders were also injected radially in the plasma jet.
To avoid confusion, a table of spray parameters will be provided in the respective chapters.

2.4

Deposition on stainless steel plates for understanding formation of layered porosity
termed as inter pass boundaries (IPBs)

Single scan patterns (gun traveling once from left to right) were deposited on 5x10 cm SS
plates with mirror finish (Stainless Supply, Monroe, NC) for the three conditions mentioned
in Table 4.1. To simulate actual deposition, the plates were also preheated to 200 °C and the
temperature was measured using a probe thermocouple contacting the back side of the plates.
Macro pictures of the plates were obtained and later segmented via thresholding with ImageJ
software to bring out contrasts of the scan pattern. The thresholding conditions were kept
same for the three images.
Similarly, on the polished plates, a step pattern (gun traveling left to right, going a 1mm step
down, traveling from right to left, going a 1mm step down and repeating 30 times) was
deposited as shown in Figure 2.1a using only the heavy IPB spray parameters. This was done
to simulate the actual spraying conditions. Two experiments were conducted, (a) gun
followed the pattern once and, (b) gun followed the pattern twice. Edge of the plate was
sectioned along the dashed line on the edge of the plate as labelled in the Figure 2.1b, with
scanning electron microscope (SEM) images of the coating cross section taken at points 1,
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2 and 3 which are marked by the arrows. Point 1 was chosen just above the line where the
gun would scan first. Point 3 was chosen right below the line where gun would scan last and
finally point 2 was selected in between points 1 and 2. The significance of the points will be
discussed in 4.4. Another raster step deposition similar to the one described in Figure 2.1
was conducted, only this time the gun was moving from bottom to top.

Figure 2.1 (a) Schematic of raster scan deposition on polished stainless-steel plate. (b) Schematic of the
sectioned area from the plate with points 1, 2 and 3 observed under SEM for cross sectional analysis.

2.5

Post spray coating evaluation

Before and after the spray coatings thickness and weight were measured to estimate density
of the coatings. Optical microscopy was conducted on the surface to analyze surface
imperfections.

2.6

Microstructural analysis
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Samples were sectioned at 0.015mm/min using a Struers Accutom-50 Precision Saw,
mounted in epoxy resin (8-hour cure, Allied High Tech Products Inc., Rancho Dominguez
CA), placed under a vacuum to remove air bubbles and left to cure at the room temperature.
The mounted samples were ground (60-1200 grit size), polished (6, 3 and 1 µm diamond
suspension) and sputter-coated with Pd/Au (Polaron E5100 SEM Coating Unit) for
metallography. Field emission scanning electron microscope (JSM-6350/5F, JEOL USA,
Peabody MA) for SEM and BSE, and energy dispersive x-ray spectrometer (Noran system
six EDS, Thermo, Waltham MA) were utilized to analyze coatings cross-sectional
microstructures and element distribution. To determine Vickers hardness, micro indentation
tests were conducted on the cross section of the polished samples that were previously
prepared for SEM using microindentation hardness testing system (LM-248AT, LECO
Corporation, Saint Joseph, MI). For analysis of cross sections of samples that were partially
delaminated from the substrates, the entirety of the samples was first embedded in epoxy
before sectioning and all the aforementioned steps were followed for samples preparation.
Some IPB SPPS YAG samples were also imaged non-destructively [82] via 3-D X-ray
Tomography to contextualize geometric information and gather bulk porosity figures. The
acquisition of 3-D structural data was carried out on a Zeiss Xradia Versa 520 (Pleasanton,
CA). As an absorption-based imaging technique, a 130kV/10W beam setting on a tungsten
target with 2600 projections and a 500nm pixel size yielded a good signal to noise ratio at
high resolution. The X-ray tomography imaging was done by students (REFINE lab, UConn)
other than the author of this thesis.
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The coating density was calculated by dividing the weight of the coating, i.e. the change of
weight after the deposition, by the volume. The coating thickness was determined from SEM
micrographs in combination with ImageJ analysis. The porosity was then estimated by
comparing the density to that of dense bulk YAG compacts. ImageJ software was also used
to validate the porosity by performing segmenting on the SEM/BSE images. Calculation of
porosity was separately performed on the dense and IPB bands of the coatings by image
processing using ImageJ. Relevant sections of a micrograph were cut out manually and this
was followed by thresholding segmentation to generate the data.

2.7

X-Ray diffraction

X -Ray Diffraction (XRD) was carried out using X-ray Diffractometer (D2 Phaser, Bruker
AXS, Madison, WI) to determine the phases present in the coatings.

2.8

Specific heat, thermal conductivity and diffusivity measurements

All the measurements were performed on free standing coatings, which were obtained by
immersing the YAG coatings on SS 304 substrates in concentrated nitric acid for 12 hours.
Free standing coatings were rinsed with DI water to remove any absorbed acid and were
dried at 80 °C for 1 hour. Required sample dimensions were obtained by sectioning using
high speed saw (Struers Accutom-50 Precision Saw), prior to immersing in nitric acid.
Specific heat measurement of YAG was done at Thermophysical Properties Research
Laboratory, Inc. (West Lafayette, IN, USA) in a range of 23°C -1300°C on a 4x4 mm free
standing, 0.5-1 mm thick YAG specimen. Thermal diffusivity measurement was performed
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in a range of 23°C-1300°C on 10x10mm, 1mm thick YAG specimens at NETZSCH
Instruments North America, LLC (Burlington, MA, USA). Thermal conductivity was
calculated by multiplying thermal diffusivity, specific heat and coating density.

2.9

Sintering resistance

Sintering resistance of SPPS YAG coatings was characterized by the change in room
temperature thermal conductivity with aging. Room temperature thermal diffusivity was
measured at UConn by the thesis author (via Netzsch LFA 447 at University of Connecticut).
Before the measurement, both sides of the coating was sprayed with a thin layer of graphite
to enhance both emission and absorption of laser, which in turn, increases the signal-to-noise
ratio. 8x8 mm of free standing YAG coatings with a thickness of ~400 µm were obtained as
previously described. Precise dimensions of these coatings were measured, length and width
via image processing of macro pictures and thickness was measured via SEM image prior to
obtaining a free-standing coating by section a small piece of TBC. Sintering was done for
50 hours at 1150 °C, 1250 °C, 1350 °C and 1500 °C. After each sintering, dimensions of the
coatings were measured for shrinkage and porosity change.

2.10 Erosion test

Room temperature erosion tests was conducted on SPPS YAG coatings at Applied Research
Laboratory, Penn State University (University Park, PA). The test conditions are listed in
Table 2.1.

29

Table 2.1 Testing conditions for erosion resistance

Conditions
Impact angle
Particle size
Impact speed (m/s)
Standoff distance
Mask size
Feed rate

90º and 30º
50 µm alumina media (240 grit BFA)
80 for 90º and 100 for 30º
229 mm
12.7 mm
2 g/min

2.11 Calculation of deposition efficiency and rate

Deposition efficiency (DE) and deposition rate (DR) was calculated based on weight gained
by the substrate, equivalent oxide feed rate and spray pattern efficiency as captured by the
following equations.

𝐷𝐸 =

𝑊𝑐
𝐴
𝑡∗ 𝑓∗ 𝑠∗ 𝐴𝑠
𝑔

∗ 100

Equation 2.1

Equation 2.2
𝐷𝑅 = 𝐷𝐸 ∗ 𝑓 ∗ 𝑠

Where,
Wc = Weight of coating
t= spray duration
f = feed rate (mL/min)
s = solid loading (grams of oxide/mL of precursor)
As= Area of substrate
Ag= Area covered by plasma gun
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2.12 Thermal cycling durability test

The thermal cyclic durability performance of the TBCs were carried out in a programmable
bottom-loading isothermal furnace (CM Furnaces Inc., Bloomfield, NJ) using either 1-hour
cycles, or 8-hour cycles. 1-hour cycles were done at 1121°C, 1150°C and 1180°C
temperatures consisting of 10-mins heat-up, 40-mins dwelling at the max temperature and
10-mins air-forced cooling. Tests conducted with 8-hour cycles at 1150 °C consisted of
12-mins heat-up, 7.5-hours dwelling at the max temperature and 18-mins air-forced cooling.
In the test, the furnace controlling thermocouple was welded to the back of an uncoated
superalloy substrate sitting among all test specimens so as to ensure that specimens were
exposed to the correct temperature. Specimens were removed from the elevator platform
upon failure (more than 50% spallation) and used to study the failure mechanisms.

2.13 CMAS powders synthesis and characterization

Different CMAS compositions that were prepared for several tests are shown in Table 2.2.
CMAS powders were synthesized using stoichiometric amounts of metal salts along with
colloidal silica and a titanium sulfate solution. 9-CMAS composition was provided to us by
our industrial partner while 4-CMAS composition was adopted from the study conducted by
Drexler et al. [52]. Rest of the compositions were adopted from the study conducted by
Zaleski et. Al. [83]. Synthesis of 4-CMAS, CMAS-1, CMAS-4 and CAS-5 aqueous solution
was done by adding stoichiometric amounts of hydrated nitrates salts of calcium, aluminum
and magnesium (Ca(NO3)2.4H2O, Al(NO3)3.9H2O, Mg(NO3)2.6H2O, Alfa Aesar, Ward Hill,
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MA), and Silica (LUDOX® TMA colloidal silica, Sigma-Aldrich Co. LLC. Spruce Street,
MO) in de-ionized (DI) water. For 9-CMAS, nitrates of calcium, aluminum, magnesium,
iron, potassium and sodium were dissolved in DI water. L-cystine was dissolved separately
in a pre-made solution and was then mixed with the nitrate solution as a source of sulfur.
After this step titanium sulfate solution and colloidal silica was added. pH of the solution
was constantly measured and nitric acid was used to keep the pH between 4-7 to ensure
stability of colloidal silica as per manufacturer’s recommendation. CMAS solutions were
dried overnight at 120 °C to convert the solution to gels, which were later heat treated at 800
°C in a tube furnace (CM 1600 Tube Furnace, Bloomfield N.J.). Melting points of the CMAS
were either determined using simultaneous differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA), (Q600 SDT, 10 °C/min, 100 mL/min N2 ﬂow, TA
Instruments, New Castle DE) or taken from the literature.
Table 2.2 CMAS compositions used for various tests

CMAS #

CMAS composition (mol%)

Tests

4-CMAS

Ca38Mg5A8Si50

Paste test, Spritz test

9-CMAS

Ca29Mg6Al14Si46Fe1K1Ti1Na2

Pellet test, paste test,
Spritz test

CMAS-1

Ca33Mg9Al13Si45

CMAS-4

Ca13Mg15Al17Si55

CAS-5

Ca15Al15Si70

Infiltration test at
1300 °C
Infiltration test at
1300 °C
Infiltration test at
1300 °C

2.14 CMAS Powder pellet test
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Samples
SPPS YAG, SPPS GZO,
APS GZO, APS YSZ
YAG powder, YSZ
powder, SPPS YAG, APS
YSZ
SPPS YAG, SPPS GZO,
APS YSZ
SPPS YAG, SPPS GZO,
APS YSZ
SPPS YAG, SPPS GZO,
APS YSZ

YAG powder (particle size < 50µm) was obtained by mechanical grinding of YAG
agglomerate (Alfa Aesar, Ward Hill, MA) and then sieving using a 50µm wire mesh. YAG
and 8YSZ (Metco 204 NS) powders were then mixed with 9-CMAS powder (composition
listed in Table 1) in a 1:1 ratio by weight. 5wt.% of PVA (low molecular weight, Alfa Aesar,
Ward Hill, MA) was added to the mixture to provide strength to the green body. The mixture
was ball milled, dried and compressed to form powder pellets. The pellets were heat treated
in a box furnace (CM Furnaces Inc., Bloomfield N.J.) for 24 hours at different temperatures
ranging from 1100°C-1500°C. Then the pellets were analyzed for reaction using X-ray
Diffractometer (D2 Phaser, Bruker AXS, Madison, WI). For SEM, a small piece of the heattreated pellets was embedded in epoxy resin, polished and finally sputtered with Au/Pd
coatings. Field emission scanning electron microscopes (JSM-6350/5F, JEOL USA,
Peabody MA) and energy dispersive x-ray spectrometer (Noran system six EDS, Thermo,
Waltham MA) were used to further analyze the reactions between ceramics and 9-CMAS.

2.15 CMAS paste test

CMAS paste with a concentration of 10mg/cm2 was applied on the TBCs that were
moistened with DI water to aid paste homogeneity and spreading. This particular CMAS
concentration was chosen based on the reported minimum level needed to initiate TBC
damage by Wellman et al.[26]. These samples were isothermally cycled in a bottom-loading
isothermal furnace (CM Furnaces Inc., Bloomfield, NJ) to 1180°C (above the CMAS
melting temperature) using 1- hour cycles as described in section 2.12, until their failure.
Failure was defined by 50% of coating delamination from the substrate. Once the coatings
failed, XRD was conducted on the surface of the coatings to study the reaction between the
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CMAS and TBCs; SEM and EDS was performed on the coating cross-sections to investigate
the infiltration of CMAS in the TBCs.

2.16 CMAS spritz test

Another CMAS test (using both 4-CMAS and 9-CMAS) was carried out where 0.1 ml of
1wt.% aqueous solutions of CMAS precursor chemicals were sprayed on the TBC samples
before the start of every cycle. The temperature profile of the experiment was kept similar
to the paste test and the samples were cycled to failure. SEM and EDS were used to study
the coating cross sections and investigate the infiltration of CMAS into the TBCs. Synthesis
of the CMAS solutions was similar to as described in section 2.13 while keeping the
equivalent solid loading to 1 wt.% in DI water.

2.17 CMAS-TBC interaction test

To determine the effect of CMAS viscosity and coating microstructure on CMAS infiltration
depth a time dependent CMAS interaction was carried out on TBCs. CMAS-1, CMAS-4 and
CAS-5 were used for the study. A concentration of 100mg/cm2 of CMAS was applied on the
TBCs which were subjected to a 5 minutes interaction at 1300 °C after which samples were
analyzed using SEM, BSE and EDS. The elevator furnace was preheated to 1300 °C, turned
off to bring the elevator down, TBCs with CMAS were put in the furnace, a 12 minutes ramp
up was used to attain 1300 °C, followed by a 5 minutes dwell time after which the furnace
was switched off and forced cool with air.
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Chapter 3.

3.1

SPPS YAG: Regular structure with light IPBs

Overview

Chapter 3 presents the work done on SPPS YAG TBCs to generate the critical properties
desirable for a TBC and benchmarked against the current state of the art TBC, APS YSZ.
These include, coating hardness, thermal cycling, TC, phase stability, sintering resistance
and erosion performance. The work has already been published [11] and was primarily
written by an author, other than the thesis author (Dr. Maurice Gell) while the experimental
work was conducted by the thesis author.

3.2

Precursor characterization

YAG solution precursors were prepared by mixing stoichiometric amounts of yttrium and
aluminum nitrates. The viscosity of the YAG precursors measured is between 4.5 and 5.0
mPas. The thermal characteristics of 80ºC dried YAG precursor are shown in Figure 3.1.

Figure 3.1 Thermal characteristic of standard YAG precursor
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The endothermic peak below 200ºC is related to the evaporation of water and bonded water,
while the endothermic peaks between 250ºC and 400ºC are associated with the
decomposition of aluminum and yttrium nitrates as seen in other study as well [84]. The
sharp exothermic peak at 930ºC is associated with the crystal formation of YAG phase [85].
Since the precursor contains predominantly nitrates (oxidizer), no combustion reactions are
observed.
3.3

Process parameters and microstructure

It should be noted that unless specified, all the experimental work has been done by the
author of the thesis. Figure 3.2a shows a cross-section scanning electron microscope (SEM)
image of an as-sprayed SPPS YAG coating on a bond coated superalloy substrate. It shows
that the SPPS YAG TBC microstructure contains vertical cracks. The SPPS YAG TBCs for
all key property tests were sprayed using the optimized conditions (Table 2) and have a
thickness of 220-250 μm with Vickers’ microhardness of 258±28 and porosity of 30.5±2.5
vol%. It should be noted that most of the porosity is confined to the IPBs and that layers inbetween the IPBs are dense. The vertical crack spacing varies but has an average value of

Figure 3.2 (a) SEM cross-section image of SPPS YAG with light IPBs (inset: high magnification image
of high porosity layers); (b) SEM cross-section image of APS YSZ
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107±34 µm. The coating also contains planar porosity layers (IPBs), which have spacing 1520 μm and are formed between two adjacent spray passes during coating deposition. The
current SPPS YAG microstructure will be referred as “Light IPBs” henceforth and in
Chapter 4. The significance of the nomenclature will be discussed in Chapter 4. High
magnification SEM image (Figure 3.2a inset) shows that micron-sized porosity and particles
are the main components of the IPBs. The SEM image of baseline sample (Figure 3.2b)
shows typical APS YSZ microstructure with uniformly distributed splat boundaries and
porosities (~15%). The APS YSZ coating has Vickers’ microhardness of 380±30 in the
vertical cross-section plane.
Table 3.1 SPPS process conditions for spraying YAG TBCs with light IPBs.

Parameters
SPPS YAG-Light IPBs
Plasma gun
Metco 9MB, GP gun nozzle
Gun power
45.5 kW
Primary gas/secondary gas
Ar/H2
Liquid injection mode
Atomization using BETE FC4 spray nozzles, 15 psi pressure
Liquid flow rates
18-20 ml/min
Standoff distances
35-37 mm
Traverse speed
550 mm/s
Raster scan step size
2 mm

3.4

Crystallinity and phase stability

Figure 3.3a shows the X-ray diffraction pattern of the as-sprayed SPPS YAG coating,
indicating a dominant YAG phase (JCPDS No. 33-0040) with a small amount of
intermediate YAP (YAlO3) phase. Such off-stoichiometry of YAG coatings on the Y2O3rich side of Y2O3-Al2O3 system is due to the loss of Al species during plasma spray [86,87].
After sintering at 1600°C for 100 hours, no phase transformation is observed (Figure 3.3b).
Figure 3.3c shows the normalized hardness of SPPS YAG and baseline APS YSZ TBCs
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before and after sintering at 1600°C for 100 hrs. The SPPS YAG TBC had almost no
hardness change, while the hardness of APS YSZ increased 22%. These indicate excellent
phase stability and sintering resistance of SPPS YAG TBC, in comparison with OEM APS
YSZ.TBC. It’s well-known that YSZ TBCs suffer from unfavorable phase transformations
above 1200°C. In this study, YAG TBCs has demonstrated potential to be used at significant
higher temperatures (e.g. >200°C) than typical APS YSZ TBCs.

Figure 3.3 (a) XRD patterns of SPPS YAG as-sprayed; (b) after sintering at 1600ºC for 100 hours and (c) normalized
hardness of SPPS YAG and APS YSZ before and after sintering at 1600ºC for 100h.

3.5

Thermal conductivity and sintering resistance

Figure 3.5a shows the thermal conductivity of SPPS YAG as a function of temperature to
1300°C (measured at Netzsch lab). Thermal conductivity of a baseline OEM APS YSZ
sample was also measured to 200°C which can be extrapolated to higher temperatures based
on literature data [88,89]. The thermal conductivity of SPPS YAG decreases continually
from 1.68 W·m-1K-1 at room temperature to 0.91 W·m-1K-1 at 1300°C. At temperatures
greater than 600°C, SPPS YAG TBC shows lower thermal conductivity than those of typical
APS YSZ (1.1-1.5 W·m-1K-1) and baseline APS YSZ (1.14 W·m-1K-1 at 200°C). The
measured thermal conductivity of SPPS YAG coating is also significantly lower than the
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calculated values, assuming uniformly distributed porosity (e.g. 0.89 W·m-1K-1 measured vs
1.98 W·m-1K-1 [90] calculated at 1000°C). Porosity in TBCs can interrupt the direct flow of
heat, forcing longer conduction paths and thereby reduce thermal conductivity. By arranging
the pores in layers normal to the direction of heat flow, it becomes more difficult for the heat
flow to find a path that avoids porosity, without taking a longer path with high thermal
resistance. Thus, engineered high porosity layers are more efficient than uniformly
distributed porosities with the same volume fraction in reducing the thermal conductivity of
SPPS TBCs, as demonstrated in SPPS YSZ system [74]. Low thermal conductivity is one of
the key property requirements for TBCs. Fully dense, large grain size YSZ with 6-8 wt %
Y2O3 stabilization has a reported thermal conductivity in the range of 2.2-2.9 W·m-1K-1 and
typical APS YSZ coatings have an almost constant thermal conductivity value of 1.1-1.5
W·m-1K-1 over a wide temperature range (25°C-1200°C) [45,60]. Based on the
measurements by Padture and Klemens, dense YAG ceramic’s thermal conductivity
continuously decreases with temperature from 8.7 W·m-1K-1 at 23°C to 3.2 W·m-1K-1 at
1000°C [45], which makes it closer to that of YSZ at high temperature. In this work, SPPS
YAG TBC with low density of layered porosity has demonstrated thermal conductivity (0.91
W·m-1K-1) 20-30% lower than that of typical APS YSZ TBCs at temperatures greater than
1000°C.

To assess changes in thermal conductivity resulting from sintering at elevated temperatures,
SPPS YAG TBCs and baseline APS YSZ TBCs were aged for 50 hours at temperatures up
to 1500°C. The room temperature thermal conductivity was measured before and after
thermal exposure and is shown in Figure 3.5b as a percentage increase in thermal

39

conductivity. Sintering and the subsequent reduction of porosity and microcracks,
contributes to the rising conductivity in both coatings. However, the thermal conductivity
increase of SPPS YAG is significantly less than that of baseline OEM APS YSZ specimens
by a factor of 4-5. The increase of SPPS YAG TBCs sintered at 1500⁰C is still less than that
of APS YSZ at 1250°C. While as-coated values of thermal conductivity are useful, engine
manufacturers and their airline and utility customers are most interested in thermal
conductivity after thermal exposure. The retention of low thermal conductivity of SPPS
YAG TBCs is a result of the much greater sinter resistance and stability of the porosity in
SPPS YAG TBCs compared to that in APS YSZ. The superior sintering resistance in SPPS
YAG TBCs can be attributed to three potential factors: (a) APS YSZ TBCs have narrow
splat interfaces that are susceptible to sintering. SPPS YAG coatings have both fine closed
pores as well as large pores and vertical cracks. Because of the dimensions of these
microstructural features, fine closed pores will be densified at 1600oC, yet the large pores
and vertical cracks are hardly affected by the volume and surface diffusion in the coating
during sintering, as shown in Figure 3.4b. Silica is a known impurity at grain boundaries in
APS YSZ TBCs that promotes sintering, while such an impurity is not present in the SPPS
precursor and coating. (c) YSZ by nature is a solid solution of Y2O3 and ZrO2. Due to the
difference in ionic radii (104pm vs. 86pm) and valence states (+3 vs. +4) between yttrium
and zirconium cations, crystal defects are prominent in ZrO2 crystal structure, and they will
facilitate lattice diffusion. YAG on the other hand is a line compound in the equilibrium
Y2O3-Al2O3 phase diagram with a more complex cubic crystal structure therefore lattice
diffusion is slower, which in turn contributes to good sintering resistance. Reference [43]
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shows YAG’s oxygen diffusion rate is 10 times slower than that of YSZ. All three factors
are believed to be responsible for the improved sintering resistance of SPPS YAG TBCs.

Figure 3.5 (a) Thermal conductivity of SPPS YAG with light IPBs and APS YSZ as a function of temperature (the
error associated with the measurements is ± 5%). (b) Thermal conductivity change for thermally aged SPPS YAG and
APS YSZ coatings.

3.6

Thermal cycling durability

Figure 3.4 Microstructural evolution of SPPS YAG TBCs after 100 hours of
sintering at 1600oC. The measured Vickers hardness values are (a) 380±185
and (b) 379±139.

The thermal cyclic durability of SPPS YAG and APS YSZ TBCs was evaluated in a number
of tests, at 1121°C and 1150°C, and with short hold times of one hour applicable to aircraft
gas turbines and longer hold times of eight hours more applicable to land-based gas turbines.

41

Figure 3.6 shows that for all temperature/cycle duration conditions, the cyclic lives of SPPS
YAG TBCs are greater by 22-28% than APS YSZ TBCs, despite YAG’s lower coefficient
of thermal expansion and higher thermal expansion mismatch strains compared to YSZ.

Figure 3.6 Thermal cyclic durability of APS YSZ baseline and SPPS YAG with light IPBs specimens
at 1121°C and 1150°C. The number of specimens tested for each condition is shown at the top of
each bar.

Spallation was found to be at the TBC/TGO interfaces in all cases (Figure 3.7a and Figure
3.7b), indicating that the thermal cyclic durability was likely governed by the stresses in the
ceramic associated with TGO thickening [91]. For a strain-tolerant microstructure to be
effective, it is necessary to have closely-spaced vertical cracks. An elastic analysis indicates
that a factor of 10 stress reduction can be achieved for inter-crack columns that are twice as
tall as they are wide [26]. Measurement shows the SPPS YAG TBCs with a coating thickness
of 220-250 microns have a vertical crack spacing is about 107μm, and thus a column height
to width ratio of slightly over two, which contributes to enhanced strain-tolerance and cyclic
life of the TBC coatings.
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3.7

Erosion performance

Figure 3.8 shows the results of erosion tests of SPPS YAG and baseline APS YSZ specimens
conducted using both 30 and 90 degree impingement angles with 50μm Al2O3 particles at
100 m/s and 80 m/s speed, respectively. The results show that SPPS YAG has better erosion
resistance in both 90 and 30 degree impingement tests than those of APS YSZ specimens
(0.23 vs. 0.65 g/kg at 90° and 0.18 vs 0.66 g/kg at 30°). Even after coating porosity and
density are taken into consideration, SPPS YAG still outperforms APS YSZ baseline

Figure 3.7 SEM images of failed (a) APS YSZ and (b) SPPS YAG with light IPBs specimens after thermal
cycling at 1150°C.

Figure 3.8 Erosion performance of APS YSZ and SPPS YAG TBCs at (a) 90° and (b) 30° tests.
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samples in the thickness loss erosion rate (0.57 vs 1.00 mm/kg at 90° and 0.45 vs 0.91 mm/kg
at 30°). It is generally considered that erosion resistance improves with higher hardness and
toughness [92]. Bulk YAG’s toughness is less than that of YSZ (1.8 MPa m1/2 vs 5.3 MPa
m1/2) but its hardness is greater (16.5-17 GPa of YAG vs ~13 GPa of YSZ) as shown in Table
1.1, which could be a reason of good erosion resistance of SPPS YAG [93]. It is previously
shown that, the indentation toughness of a SPPS YSZ TBCs had a five-fold increase
compared to that of the APS 7YSZ TBCs, which resulted in a significantly extended thermal
cyclic life of the SPPS YSZ TBCs compared to conventional APS YSZ [66]. Based on the
results presented, it is considered that higher hardness along with the possible increased
YAG toughness leads to the improved SPPS YAG erosion resistance.
3.8

Conclusions

The driving force for advanced TBC development has been higher temperature capability
and lower thermal conductivity. Extensive efforts have been focused on developing new
generation TBC materials and it has been shown that it’s difficult for a new TBC to achieve
all the critical properties be superior to the current YSZ TBCs. In this work it has been
demonstrated that an existing material, YAG, can meet and exceed all the major performance
standards of current state-of-the-art air plasma sprayed YSZ. SPPS YAG TBCs exhibit about
30% lower thermal conductivity at elevated temperatures than a typical APS YSZ used for
comparison in this study. Based on the data presented for thermal stability and sinter
resistance, SPPS YAG TBCs have the potential to be used at temperatures >200°C higher
than YSZ TBCs. In addition, unlike most higher temperature coatings SPPS YAG erosion
performance is superior to that of APS YSZ. CMAS resistance of SPPS YAG is the only
critical property yet to be presented (discussed in Chapter 7), where it will be shown that
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SPPS YAG has superior resistance to CMAS attacks. It is suggested that the SPPS process
can also be extended to other advanced TBC candidates to overcome cases of limited thermal
cyclic durability and erosion resistance with reduced thermal conductivity.
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Chapter 4. SPPS YAG with engineered layered porosity (Inter pass
boundaries- IPBs)

4.1

Overview

The current chapter is aimed towards the study conducted to further reduce the TC of SPPS
YAG coatings by controlling the density of horizontally aligned pores, termed as “inter-pass
boundaries” (IPBs). Two microstructures of YAG were developed in the study with different
prominence of the IPBs and are termed as “medium” and “heavy” IPBs. The SPPS YAG
microstructure that was developed and extensively studied in the previous chapter (Chapter
3) is termed as “light” IPBs and is used for comparison.

4.2

Deposition process and optimized parameters

Precursor selection, characterization technique and substrates preparation were similar to
Chapter 3 and discussed in 3.1. The optimized spray parameters are shown in Table 4.1 and
are labelled as “light”, “medium” and “heavy” IPBs based on the respective microstructure
they generate.

Table 4.1 Spraying parameters for SPPS YAG coatings with different prominence of IPBs

Spray Parameters
Plasma gun
Gun nozzle
Gun power (kW)
Primary /secondary gas
Gas flow rate (L/min)

Light IPBs
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Medium IPBs
Heavy IPBs
Metco 9MB
GP
45.5
Ar/H2
Ar: 52-57, H2: 8-10

Precursor injection mode
Precursor feed rate (mL/min)
Standoff distance (mm)
Gun scan speed (mm/s)
Raster step size (mm)

4.3

Atomization- BETE FC4 nozzle; 15 psi pressure
18
28
38
35-37
550
650
2
1

Microstructural analysis of SPPS YAG coatings with light, medium and heavy IPBs

Figure 4.1 shows the microstructure of SPPS YAG coatings with “light” IPBs, obtained
using spraying conditions mentioned in Table 4.1. This SPPS YAG structure with light IPBs
was extensively discussed in Chapter 3 [11] and was shown to have capability of performing
superior to APS 8YSZ coatings. For light IPB coatings, the microstructure has an extensive
network of vertical cracks that run through the coating thickness, a novel feature of SPPS
process [64] which imparts the coating strain tolerance. The vertical cracks as noticed in a,
b and c also feature branching unlike the vertical cracks obtained in other SPPS coatings
[60,74]. Horizontal pores are also present however frequently they merge with vertical
cracks and also disappear in the dense regions of the coatings. Digital cross-sectional slice
of the coating from X-ray tomography is presented in [11] and was shown to have capability
of performing superior to APS 8YSZ coatings. For light IPB coatings, the microstructure
has an extensive network of vertical cracks that run through the coating thickness, a novel
feature of SPPS process [64] which imparts the coating strain tolerance. The vertical cracks
as noticed in a, b and c also feature branching unlike the vertical cracks obtained in other
SPPS coatings [60,74]. Horizontal pores are also present however frequently they merge
with vertical cracks and also disappear in the dense regions of the coatings. Digital crosssectional slice of the coating from X-ray tomography is presented in Figure 4.1c which
shows vertical cracks and IPBs. A 3D image of the coating is shown in Figure 4.1d which
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shows vertical cracks running through the dense regions of the coating. In both (c) and (d)
black correspond to porous and grey correspond to dense areas of the coating.
Figure 4.2 shows the microstructure of SPPS YAG coatings with “medium” IPBs, obtained
using spraying conditions mentioned in Table 4.1. In going from light IPBs to medium IPBs,
the feed rate was increased from 18ml/min to 28 ml/min and raster step size was decreased
from 2mm to 1mm produces medium IPB coatings. In these coatings, the branching of
vertical cracks becomes less prominent, while the spacing between the cracks increases as
shown in Figure 4.2a. The dominant microstructural feature in such SPPS coatings, shown
in Figure 4.2b is the horizontal arrays of porosity. The thickness of dense and then the IPB
regions are denoted by td and tipb with average values of 10 and 5 microns respectively. Thus,
the thickness of dense area is twice than that of IPB region in SPPS YAG with a medium
level of IPBs.
Similarly, for heavy IPBs, as the feed rate increases to even higher value (38 ml/min), the
IPBs become even more distinct as shown in Figure 4.3. The average thickness of the dense
layers is same as the medium IPBs but the average thickness of the porous IPB regions
increases to 7 microns. Digital cross-sectional slice of the coating from X-ray tomography
is presented in Figure 4.3c which shows IPBs in black and dense areas as grey. A 3D image
of the microstructure is presented in Figure 4.3d after segmentation of porous regions, which
shows layers of IPBs in grey sandwiched between dense area of the coating represented by
black color.
In order to further differentiate between the two IPB microstructures (medium vs. heavy),
magnified images were taken to distinctly show the bands of dense and IPB areas. The dense
and IPB areas were manually extracted from the parent images using image processing
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before image analysis was performed. Figure 4.5 shows the analysis done on the medium
IPB sample, where (a) shows the parent image, with the “dense” and “IPB” inscription
denoting the regions selected for image analysis. The segmented images of the dense and
IPB area are shown in (b) and (c) with a porosity value of 6.2% and 57% respectively.
Similar exercise was performed on heavy IPB microstructure and has been shown in Figure
4.4. The segmented image of the dense and IPB area has been shown in (b) and (c)
respectively with a porosity value of 3.3% and 71%. This experiment was performed on at
least 5 images with 15 dense and 15 IPB areas with a similar magnification.
The data discussed in this section have been summarized in Table 4.2. The first row shows
the average porosity calculated by dividing weight with volume of the coating. SPPS YAG
with medium IPBs has a porosity value of 33% whereas SPPS YAG with heavy IPBs is more
porous with an average value of 44%. Second row and onwards show porosity calculation

Figure 4.1 (a) Cross-section of SPPS YAG coating with light IPBs. (b) Magnified image of the coating
showing vertical cracks and horizontal pores termed as "inter-pass boundaries". (c) Digital cross-sectional
slice of coating from X-ray tomography showing vertical cracks and IPBs. Grey color corresponds to dense
regions of the coating. (d) 3-D rendering of probed volume after segmentation. Grey color corresponds to
dense regions of the coating.
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Figure 4.2 (a) Cross-section of SPPS YAG coating with medium IPBs. (b) Magnified image of the coating
showing horizontal pores termed as "inter-pass boundaries". td and tipb refer to thickness of dense and IPB
regions respectively.

done by ImageJ software. The second row shows the average coating porosity where SPPS
YAG with medium IPBs has a porosity value of 30% whereas SPPS YAG with heavy IPBs
is more porous with an average value of 39%. Thus, ImageJ can predict porosity of the
coatings within reasonable margin of error. For reference, SPPS YAG with light IPBs has
an average porosity value of ~25% and has a similar microstructure to the coating that was
developed for the previous study [11].[11]. Thus, SPPS YAG with medium and heavy IPBs
have a higher overall porosity than light IPBs.
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Table 4.2 Summary of thickness and porosity calculations done via ImageJ software on SPPS YAG with medium and
heavy IPBs. 2nd row shows the calculated average porosity of the coatings by obtaining weight and volume of the
coatings.

Calculated average coating porosity
via weight/volume
Average coating porosity by image J
Thickness of dense regions
Porosity of dense regions
Area fraction of dense regions
Thickness of IPBs
Porosity of IPBs
Area fraction of IPBs

Medium IPBs
33%

Heavy IPBs
44%

30±4%
10±2 microns
5±1%
54%
5±2 microns
59±6%
46%

39±6%
10±2 microns
4±1%
47%
7±2 microns
70±3%
53%

Figure 4.3 (a) Cross-section of SPPS YAG coating with heavy IPBs. (b) Magnified image of the coating showing
horizontal pores termed as "inter-pass boundaries". td and tipb refer to thickness of dense and IPB regions
respectively. (c) Digital cross-sectional slices of coating from X-ray tomography showing IPBs. Grey color
corresponds to dense regions of the coating. (d) 3-D rendering of probed volume after segmentation of porosity.
Grey color corresponds to IPBs and porous regions of the coating.
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Figure 4.5 (a) Magnified image of SPPS YAG with medium IPBs denoting alternating dense and IPB bands. (b)
Segmented image showing a cut-out of dense band with porosity value of 6.2%. (c) Segmented image showing a cutout of IPB band with porosity value of 5%.

Figure 4.4 (a)Magnified image of SPPS YAG with heavy IPBs denoting alternating dense and IPB bands. (b)
Segmented image showing a cut-out of dense band with porosity value of 3.3%. (c) Segmented image showing a cutout of IPB band with porosity value of 71%.
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4.4

Mechanism of IPBs formation

A generic IPBs morphology in SPPS YAG is shown Figure 4.6b which shows a magnified
image of an IPB taken from dashed box region of Figure 4.6a. A closer look shows three
distinct bands of porosity running parallel to each other. The bottom two bands of the
porosity are quite narrow and it is the top band that contributes most to IPB thickness. A
generalized repeating unit in an SPPS YAG IPB microstructure has been shown in Figure
4.6c where “p” denotes narrow porosity bands, “P” refers to the wide porosity band and “D”
refers to the dense regions of the coatings. It should be noted that the order of the repeating
units is based on the order these layers are formed and will be discussed later in the current
section.
To understand the differences in deposition pattern, single scan depositions (gun moving
once from left to right) were obtained using the three IPB conditions, listed in Table 4.1, on
polished stainless-steel plates. Macro images of the plates were taken and segmentation was
performed using ImageJ and are shown in Figure 4.7. Inset of each of the three images show
the macro image of as deposited single scans without image processing. The width of the
scan pattern increases from (a) to (c), which is expected due to increasing precursor feed
rate. In each of the three images, white bands can be observed on top and bottom edges of
the plates and are labelled as “f” in (a). This band may be a result of fine particles getting
pushed out of plasma jet due to thermophoresis or lack of penetration which is dominant for
particles smaller than 1 micron in diameter [94] and owing to low Stokes number may follow
a curved trajectory thus depositing 25-30 mm away from the center strip. These small
particles are poorly bonded to the plate and can easily be rubbed off. As a result, it can be
safely assumed that these particles would get knocked off during subsequent gun passes and
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not contribute to coating deposition. However more interestingly, in (b) and (c) deposition
of relatively larger particles are observed in the proximity both above (labeled as “U”) and
below (labeled as “O”) the centerline of the scan and is not so prominent in (a). The amount
of under penetrated spray “U” and over penetrated spray “O” increases monotonically when
going from light IPB, to medium to heavy. The prominence of IPBs also increases
monotonically for the spray conditions going form a to b to c. This is suggestive that “U”
and/or “O” are responsible for formation of IPBs.
To understand the origin of depositions on both of the trailing edges of the center scan
appearing in the Figure 4.7, SprayCam images were taken and are presented in Figure 4.8.
The penetration of precursor is least in the case of (a)-light IPBs and highest in (c)-heavy
IPBs and are marked by arrows. In each of the three cases, a fraction of precursor is observed
to be carried at the top periphery of the plasma jet with increasing prominence from (a) to
(c) and consist of relatively larger droplets which may undergo secondary breakup and get
pushed away from the plasma jet. These droplets arise from the periphery of the atomizing
nozzle and are a result of improper mixing of precursor with the atomizing air. Thus, these
large droplets have lower velocity and penetrate the plasma poorly. This gives rise to the
band that was previously labeled as “U”. The center of atomized precursor is observed to
penetrate the plasma to increasing depths probably due to greater velocity normal to the
plasma jet. The depth of penetration increases from (a) to (c) because of increasing precursor
feed rate and hence precursor velocity through the fix diameter orifice. Precursor jet
momentum is also increased. In cases of medium and heavy IPBs, the deeper penetration of
precursor results in spray pattern below the center scan labelled previously as “O”.
Henceforth “U” and “O” will be referred as “under penetrated” and “over penetrated” spray
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respectively. Note: under penetrated spray appears on the top of the plate images and over
penetrated spray on the bottom. This is true because the raster pattern was from the top down
and the precursor injection enters the plasma jet from above. A mist of fine particles can be
observed on top and bottom of the plasma jet in each of the three images and are marked by
dashed white boxes. This corresponds to the fine particles bands “f” observed in Figure 4.7.
Finally, 1 and 2 passes of raster step depositions with 60 steps were conducted on stainlesssteel plates and as per the schematic shown in Figure 2.1. The idea was to simulate heavy
IPB deposition conditions, explore the role of under and over penetrated spray in formation
of IPBs. Three points were specifically chosen to be observed under SEM. Point 1 would
only collect the under penetrated spray, point 2 would first collect over spray followed by
center scan and finally the under spray– a representative of TBC deposition process, and
point 3 that would only collect the over penetrated spray. Note also that since the spray
pattern is much broader than the raster scan step height (1mm), multiple layers of each region
are deposited. As an example, the under penetrated spray pattern near the extreme top of the
plate has far fewer layers of under penetrated spray deposited than the underpenetrated spray
pattern just above the center scan region.
The SEM images are shown in Figure 4.9, where (a), (b) and (c) represent point 1, point 2
and point 3 respectively from 1-pass raster scan experiment and Figure 4.9 (d), (e) and (f)
represent point 1, point 2 and point 3 respectively from 2-pass experiment. The under-spray
and the over-spray pattern as seen in (a) and (c) has open structure resembling the IPB
structure and each or both combined are the origin of the IPB structure. After second pass,
some dense regions can be observed in (d) and (f), which proves that dense regions will form
in both the under penetrated regions and over penetrated regions on subsequent passes. In
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actual coating production, double coverage of pure under spray or over spray will not occur.
Figure 4.9b is a single raster pattern deposited similar to a TBC deposition where first over,
then center and finally under spray is deposited sequentially. The order is determined by the
pattern starting at the top of the substrate and the downward direction of the precursor
injection. Note: due to the size of the pattern (~42 mm) being much larger than the raster
scan step size (1 mm), after the full pattern is sprayed one time, the under, over and center
spray pattern has been deposited multiple times at any given location.

The porous

microstructural features obtained from over-spray is trapped at the bottom with a dense
center stream layer on top followed by a feathery layer obtained from under-spray. The
densification is possibly a result of heat generated by the subsequent gun scans with a small
offset of 1mm and/or filling in of the porous structure with multiple passes. After repeating
the process, for 2 passes the microstructure obtained is shown in (e). Two distinct bands of
dense regions can be observed with IPB trapped in between. This shows what is confirmed
in all our spray trials that one cycle of dense with a porous IPB results from one full raster
scan pattern.
Given the relatively robust nature of both the under spray and over spray, in the single pass
experiment it likely that the IPB are formed by a combination of under and over spray. Note
that in Figure 4.7 and Figure 4.8 that the amount of under and overspray are increasing with
increase in the IPB layer thickness when going from light to heavy IPB conditions.
The IPBs for heavy IPBs conditions used in Figure 4.6-Figure 4.9, have an average thickness
of ~10 microns This thickness is much smaller than the sum of roughly 20 micron thick
porous over spray region seen in Figure 4.9c added to the approximately 10 micron thick
under spray region of Figure 4.9a. The fact that the actual thickness of IPBs between the
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dense layers is much thinner than the sum of the over and under spray combined means that
next raster pattern must either remove part of the over or under spray or densify it into part
of the dense region or a combination of both effects. Figure 4.9d and Figure 4.9f show that
densification of the porous regions without center spray is possible.
Another raster step deposition similar to the one described in section 2.2 and Figure 1 was
conducted, only this time the gun was moving from bottom to top. As a result, the order of
deposition would be firstly under, then center and finally the over sprayed precursor
(opposite to the previous case). The aim was to confirm the following two ideas, (a)
Irrespective of the order, combination of under and over spray lead to densification and
formation of IPBs and (b) If the depositions from under spray get knocked off significantly
or stay on the substrate. The cross-sectional images are not shown in the paper but it was

Figure 4.6 (a) Cross-section image of SPPS YAG with heavy IPBs. (b) Magnified image of the dashed
box region showing IPB morphology. (c) Formula for the repeating units in a SPPS YAG coating with
medium and heavy IPBs.
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confirmed that IPBs and dense regions were still forming from the combination of the under
and over spray. It was also confirmed that the under spray stayed successfully on the coatings
without getting knocked off significantly.
Narrow bands appearing above the dense layer in Figure 4.6b, marked as “p-p” also appear
in Figure 4.9b and Figure 4.9e. They must have come from the under spray deposited on
top of the dense regions. This shows that under spray must contribute to the IPBs. The ability
of the ~20-micron first layer of over spray (Figure 4.9c) to remain after two full spray passes,
as seen at the bottom of Figure 4.9f strongly suggests that the overspray is also robust enough
to contribute to the IPB layer.

Figure 4.7 Segmented image of polished steel plates after single pass using spraying conditions from Table
4.1 for (a) Light IPBs, (b) Medium IPBs and (c) Heavy IPBs. Inset of each image shows macro pictures
of as deposited plates.
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Figure 4.8 SprayCam images showing precursor entrainment in plasma jet for SPPS YAG with (a) Light
IPBs. (b) Medium IPBs and (c) Heavy IPBs. Arrows represent the depth of penetration in each case.

Figure 4.9 SEM images of cross sections obtained from raster step deposition using heavy IPBs spray
condition on polished stainless-steel plates as shown in Figure 2.1. (a), (b) and (c) represent SEM image of
point 1 (under penetrated), point 2 (over spray followed by center scan and finally the under spray) and point
3 (over penetrated) respectively from 1-pass experiment and (d), (e) and (f) represent point 1, point 2 and
point 3 respectively from 2-pass experiment.

4.5

Specific heat, thermal diffusivity and thermal conductivity determination
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Figure 4.10 Thermal diffusivity of SPPS YAG coatings with light, medium and heavy IPBs
plotted on left Y axis and specific heat of YAG plotted on right Y axis.

Specific heat curve of YAG is shown in Figure 4.10 ranging from 23 °C- 1300 °C. On the
same figure, thermal diffusivity values of YAG coatings are plotted. Diffusivity value of
light and medium IPBs YAG are similar in the measured temperature range with a steep
drop from room temperature to ~600 °C followed by a more gradual drop up to 1000 °C and
then becoming relatively constant. Heavy IPBs YAG had nearly ~1/2 of the diffusivity value
of the other two at room temperature but shows a less steep drop from room temperature to
~600 °C followed by a slight increase. Such a significant reduction in thermal diffusivity can
be attributed to the prominent horizontal pores (heavy IPBs) which impede the flow of
phonons, forcing them to take longer paths. The increase in thermal conductivity (TC) at
high temperature is most likely due the radiation heat transfer becoming increasingly
important, which may also be the reason of trend towards convergence in the diffusivity for
all the three YAG microstructures. TC (k) was calculated using the Equation 4.1,
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𝑘 = 𝛼𝜌𝐶𝑝

Equation 4.2

Where, 𝛼 is thermal diffusivity, 𝜌 is density of the coating and 𝐶𝑝 is the specific heat. TC of
SPPS YAG coatings are shown in Figure 4.11. Since the fall of diffusivity is faster that the
rise in specific heat between room temperature to ~600 °C, all YAG coatings demonstrate a
decreasing TC trend, unlike YSZ which has a relatively constant TC with respect to
temperatures [88]. Above 600 °C, only light and medium IPBs show a gradual decrease in
TC upto 1000 °C and then becoming relatively constant. TC of heavy IPBs becomes constant
between 600 °C - 1000 °C and then increase slightly due to the radiation effect. The relatively
flatter TC curve for heavy IPBs as compared to the other YAG microstructures is because
of extremely low TC value at low temperature and increasingly dominant radiation effect at
high temperature which increases the apparent TC. Room temperature TC of SPPS YAG
TBCs with light IPBs is 1.68 W/mK. With an increase in prominence of IPBs, the room
temperature TC of SPPS YAG coatings is reduced by 9% and 58%, in cases of medium and
heavy IPBs respectively. As the temperature increases, the TC values of light and medium
IPBs converge to a value of 0.95 W/mK at 1300 °C, while heavy IPB YAG starts with a
lower TC value, 0.7 W/mK at room temperature, which is 58% lower than light IPBs, and
ends up with a value of 0.58 W/mK at 1300 °C, 36% lower than light IPBs. A typical APS
YSZ coating has a relatively constant (1.1-1.5 W·m-1K-1) TC over a temperature range of
25°C-1200°C [90], thus at temperatures above 600°C, SPPS YAG TBC with all the
microstructures show a lower thermal conductivity than those of typical APS YSZ.
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Figure 4.11 Thermal conductivity of SPPS YAG coatings with light, medium and heavy
IPBs.

4.6

Sintering resistance

Introduction of prominent IPBs in the coatings resulted in an increased overall coating
porosity with ~60-70% porosity in the IPB bands. The porous regions of the coating may be
prone to sintering and hence show an increased TC during service despite having a low TC
to begin with. Thus, it is important to analyze the effect of sintering on TC. In this study we
analyze the effect of introduction of IPBs on sintering resistance and have benchmarked it
against SPPS YSZ with IPBs [95] which had a room temperature mean TC of 0.623 W/mK.
SPPS YAG coatings with light and heavy IPBs are compared and shown in Figure 4.12. As
hypothesized, YAG with a heavy IPB microstructure shows a higher increase in TC at all
three testing temperatures by ~2% as compared to the light IPBs. However, increment of TC
in YAG coatings is still substantially less (~15%, ~30% and ~58% less at 1150 °C, 1250 °C
and 1350 °C respectively) than that of SPPS YSZ coating, indicating that YAG intrinsically
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has a better resistance to sintering and greater capability to retain low thermal conductivities
even at elevated temperatures.

Figure 4.12 Sintering resistance of SPPS YSZ with IPBs, SPPS YAG with light and heavy IPBs.

4.7

Thermal cycling performance

Thermal cycling in this case was performed at 1180 °C in 1-hour cycles as described in 2.12.
This temperature was chosen as it enables melting of CMAS and hence both thermal cycling
and CMAS tests can be performed simultaneously. Figure 4.13 shows the thermal cycling
lives of SPPS YAG with different prominence of IPBs and is benchmarked against standard
APS YSZ TBCs.
It can be seen that with the introduction of different IPBs, the lives of the coatings remain
relatively unchanged and all YAG samples performed better than APS YSZ exhibiting a
22% improvement. In the previous chapter it was shown that the life of YAG with light IPBs
was higher because of the presence of stress relieving vertical cracks as well as the higher
63

in-plane fracture toughness, both benefited from the SPPS process as compared to APS
process. YAG coatings with medium and heavy IPBs retain the through thickness vertical
cracks which imparts strain tolerance to the coating during thermal cycling.
Figure 4.14 shows the cross sections of the failed topcoat-to-bondcoat interface after thermal
cycling. Spallation in APS YSZ is visible at YSZ-TGO interface. All YAG coatings show
similar failure modes, a mixture of failures in the top coat and through the TGO. The Failure
at the YSZ-TGO interface is due to the stress arisen from the TGO growth and the evolution
of surface topography [4,60], while the separation near YSZ-YAG interface is due to the
different sintering rates between YAG and YSZ [11].

Figure 4.13 Thermal cycling lives (in hours) of SPPS YAG coatings with light, medium and heavy
IPBs benchmarked against APS YSZ TBC. Thermal cycling was performed at 1180 °C in 1-hour
cycles.
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Figure 4.14 Cross-sections of failed samples after thermal cycling. (a) APS YSZ, (b) SPPS YAG-light IPBs
and (c) SPPS YAG-medium IPBs (b) SPPS YAG-heavy IPBs

4.8

Erosion performance

Figure 4.15 shows the erosion resistance of SPPS YAG coatings with light, medium and
heavy IPBs benchmarked against APS YSZ coatings in 90 degrees impingement testing.
SPPS YAG with light IPBs performed better in erosion test as compared to APS YSZ. Even
when the coating porosity and density are accounted, YAG with light IPBs was more
resistant as compared to APS YSZ (0.23 vs 0.65 g/kg). In the previous study [11], the
reasoning for improved erosion performance in YAG with light IPBs was attributed to
greater hardness of YAG as compared to YSZ and 5X higher in-plane fracture toughness
associated with the SPPS process as compared to APS process [66].
With increase in prominence of the IPBs in YAG, the erosion performance became worse.
YAG with medium IPBs showed 30% lesser erosion resistance as compared to APS YSZ
while YAG with heavy IPBs performed ~4.5 times worse. This reduction in performance is
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expected as with increasing IPB density, the coating porosity increases as shown in Table
4.2. It should be noted that gadolinium zirconate TBCs which are currently employed in the
gas turbines also show a 2.5X- 3.8X worse performance as compared to YSZ [96,97], thus
the application of SPPS YAG with heavy IPBs is still feasible in industries where erosion
performance is not critical e.g. land based gas turbines industry. Also, to mitigate poor
performance of heavy IPB YAG, a thin layer of YAG with light IPBs can easily be deposited
on top.

Figure 4.15 Erosion resistance of SPPS YAG microstructures with light, medium
and heavy IPBs benchmarked against APS YSZ coating.

4.9

Conclusions

Process modifications were made to existing SPPS YAG microstructure in an effort to
reduce thermal conductivity by layering of porosity. The properties of the optimized
microstructures are listed below:
•

Two SPPS YAG microstructures were optimized with IPBs of different prominence and
have been termed as “Medium” and “Heavy” IPBs.
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•

The overall porosity of these coatings is 25%, 30% and 39% for light, medium and heavy
IPB coating respectively. The width and porosity of the individual porous regions in theses
coatings gets progressively larger going from light to medium to heavy IPBs.

•

SPPS YAG with heavy IPBs demonstrated a thermal conductivity of 0.58W/mK at 1300
°C, which is 36% lower than previously made YAG coatings (termed “Light IPBs”).

•

YAG microstructures with medium and heavy IPBs show similar thermal cycling life as
compared to light IPB YAG and a 22% longer life than standard APS YSZ TBC.

•

YAG with heavy IPBs showed only 2% higher increase in thermal conductivity as
compared to light IPBs after 50 hours sintering at 1150, 1250 and 1350 °C.

•

YAG with heavy IPB is substantially less prone to sintering as compared to SPPS YSZ
with IPBs. Rise in thermal conductivity was only 18% as compared to 76% in case of SPPS
YSZ at 1350 °C.

•

Erosion performance of SPPS YAG coatings decrease with increasing prominence of IPBs.
While YAG with light IPBs performed better than APS YSZ in 90° erosion test, YAG with
medium and heavy IPBs performed 30% and 4.5X worse respectively than APS YSZ
coating.

The mechanism for IPB formation was studied by imaging the precursor injection in the plasma
jet and by conducting single scan and multiple step scan depositions on polished stainless-steel
plates. The key conclusions are listed as follows:
•

Increment in feed rate and reduction in raster step size results in increased prominence of
the IPBs.
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•

Results from single scan depositions showed that medium and heavy IPB conditions, that
employed higher feed rate than light IPB condition, resulted in significant depositions from
both under and over penetrated precursor.

•

Cross sectional images of coatings from raster step depositions suggests that the IPBs are
formed from under and over penetrated precursor and the dense layer is formed by a
combination of direct deposition of dense coating and densification of coating due to
multiple passes.
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Chapter 5. Enhancing deposition efficiency (DE) and deposition rate (DR) of
SPPS process

5.1

Overview

From a commercial perspective cost is a critical factor in processing of the coatings. Coating
cost is dominated by time to deposit the coating (hence deposition rate) and to a significant
but lesser extent, cost is reduced by higher deposition efficiency which reduces material
costs. Deposition efficiency (DE) has been defined as the weight of ceramic (in oxide) form
deposited on the substrate divided by the total oxide generated during the substrate during
the time the spray is directed at the substrate. Deposition rate (DR) has been represented in
g/hr and has been calculated by multiplying the DE with rate of oxide formation per second
during the spraying process. Several methods are explored to enhance DE/DR of the SPPS
process. These include exploring the effect of changing precursor concentration, the
viscosity, surface tension and specific gravity of precursor which in turn would reduce the
atomized precursor droplet size. A large droplet can lead to the formation of hollow particles
which are not well entrained in the plasma and fail to reach the substrates thereby contribute
to lower DE. On the other hand, extremely small droplets would have a low Stokes number
and will have lesser inertia to follow its trajectory. Such small particles will also fail to reach
the surface and result in low DE. As a result, this is to be investigated experimentally.

5.2

Varying precursor concentration
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Changing the solid loading of the precursor changes surface tension, viscosity and specific
gravity of the precursor. These factors directly affect the entrainment in plasma jet and hence
not only coating microstructure but also DE/DR. The study of depositing coatings with
various precursor concentrations was done in two parts, first one involved dilution and the
second one involved increasing the concentration. Precursor dilutions were carried out from
the then standard YAG composition (before the work that is mentioned in the thesis) that is
referred as “0” % dilution.DE of SPPS process showed an increasing trend with increasing
dilution levels (Figure 5.1). However, DR maxed out at 10% dilution with subsequent

Figure 5.1 Effect of precursor dilution (pure nitrate) on DE and DR

Figure 5.2 SEM of SPPS YAG coatings deposited using pure nitrate precursor with different dilution levels.
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decrease. As mentioned before, surface tension, viscosity and specific gravity of the
precursor also plays a role in determining the atomized droplet size, which in turn would
affect entrainment of precursor in the plasma jet. Other contributing factor can possibly be
the endothermic pyrolysis of the pure nitrate precursor. With increasing levels of dilution,
lesser nitrates are pyrolyzed per unit volume of the precursor, thereby consuming less heat
from the plasma jet. As a result, better DE is observed due to the fact that more energy is
now available for melting the oxide particles. Figure 5.2 shows the SEM images of the
microstructure generated using precursors with different dilutions. Interestingly, all dilution
levels produced acceptable microstructure. Because of the best DR obtained at 10% dilution,
this was made a new standard for all the depositions for SPPS YAG coatings with light,
medium and heavy IPBs.

Increasing the precursor concentration was another route that was never explored. During
the end of the project, two concentrated precursors were prepared with solid loading of 50%
and 80% higher as compared to the 0% diluted precursor. The hypothesis was that increasing
precursor concentration will directly lead to deposition of more YAG oxide per unit time.
While the viscosity of the precursor changed from 6.0cP for 0% diluted precursor to 16 and
24 cP for 50% and 80% concentrated precursor respectively, pumping through a peristaltic
pump and atomizing through BETE nozzle were not hindered at all. It should be noted that
80% concentrated precursor was almost at the solubility limit at room temperature, thus
increasing concentration beyond that was not possible. The conditions used for deposition
of the concentrated precursor was same as that of SPPS YAG-Light IPBs and shown in Table
3.1. The compiled DE and DR of the processes are shown in Figure 5.3. Both the higher
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concentration precursors show an increase in both DE and DR of the process. Using 50%
higher concentrated precursor resulted in a 37% and 106% increase in DE and DR
respectively. Similarly, using 80% higher concentrated precursor resulted in 40% and 160%
increase in DE and DR respectively compared to the 0% dilution. The microstructures of the
coatings that were produced by the concentrated precursors are shown in Figure 5.4.
Microstructure of coatings from 50% concentrated precursor is strikingly similar to the SPPS
YAG-Light IPBs microstructure discussed in Chapter 3 with periodic vertical cracks and
light prominence of IPBs. On the other hand, the coatings from 80% concentrated precursor
have higher prominence of IPBs. It is hypothesized that a higher prominence of IPBs using
concentrated precursor is due to the higher (4x) viscosity of the precursor which leads to
formation of large droplets. The large droplets penetrate the precursor leading rise to bigger
fraction of over spray (shown to result in IPB formation in Chapter 4).
Thus, both higher concentrated precursor resulted in successful depositions of SPPS YAG
coatings with acceptable microstructure with a ~2-3x boost in economics of the process.
Future work calls for a complete characterization of the microstructures along with critical
TBCs property generation.
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Figure 5.3 Compiled DE and DR of the deposition process using concentrated YAG precursor and
SPPS YAG- Light IPBs as the deposition condition.

Figure 5.4 Microstructures of SPPS YAG coatings produced by 50% higher concentrated precursor
in (a), (b) and, 80% higher concentrated precursor in (c) and (d) using SPPS YAG- Light IPBs as
the deposition condition.

5.3

Changing processing conditions towards heavy IPBs

In this section, the effect of different spraying conditions (medium and heavy IPB) is
explored on DE/DR while keeping the precursor concentration at the 10% dilution
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concentration. In fact, what is changed here is the precursor injection flow rate that in turn
changes the microstructure between from light to heavy IPB structures
at the same time as having large effects on DE and DR. Medium and heavy IPBs processing
conditions that are shown in Table 4.1 and extensively discussed in Chapter 4 not only
enhanced the critical TBCs properties as compared to light IPBs (except erosion resistance)
but also enhanced the economics of the SPPS process. Figure 5.5 shows a compiled value of
DE and DR associated with SPPS YAG TBCs with various levels of IPBs as created in
Chapter 4. Medium and heavy IPB conditions resulted in 43% and 53% increase in DE
values and 100% and 190% increase in DR values respectively in comparison to light IPB
YAG TBCs.
Recalling the results discussed in Figure 4.7 we see the single scan deposition patterns were
collected with light, medium and heavy IPB conditions to see the differences in deposition
patterns. This is shown in Figure 4.7, where medium and heavy IPB conditions show
depositions near the center scan denoted by “U” and “O” which come from the under
penetrated and over penetrated precursor. The regions marked with “f” comprise of fine
particles that are poorly bonded to the substrate and can be safely assumed to not contribute
to the actual coating. It should be noted that a full description of the image is provided in
section 4.4 as it is used for explaining the mechanism of IPB formation.
A low DE value associated with light IPB is most likely due to a bigger fraction of precursor
lost as fine particles, marked as “f” in Figure 4.7. Increasing precursor feed rates tend to
increase the velocity of each droplet leaving the injector nozzle, given the injector nozzle
size is fixed, and thus lead to increased overall droplet momentum. As a result, the fractional
entrainment of precursor into the plasma jet increases with precursor flow rate going from

74

light IPB conditions to heavy IPB conditions and also as expected increases the amount of
over penetrated material, marked by “O” in Figure 4.7. Although not easily anticipated, the
absolute amount of under penetrated materials, marked by “U” in Figure 4.7, also increases
in going from light to heavy IPB conditions.

Figure 5.5 Deposition efficiency and deposition rate of SPPS YAG coatings with light, medium and
heavy IPBs compared

Using 50% and 80% higher concentrated precursor SPPS YAG with heavy IPBs were
deposited to investigate the effect of concentration on DE/DR and shown in Figure 5.6.
Surprisingly, DE reduced by 17% in each of the two cases while DR increased by 19% in
50% concentrated precursor and by 50% in 80% concentrated precursor. With 209g/hr a
highest DR value was set with the SPPS process. The microstructures obtained from the two
depositions are shown in Figure 5.7. Both microstructures look similar to the SPPS YAGHeavy IPB microstructure presented and discussed in Chapter 4 but the one from 80%
concentrated precursor has wider and more porous IPBs.
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Figure 5.6 Compiled DE and DR of the deposition process using concentrated YAG precursor and
SPPS YAG- Heavy IPBs as the deposition condition.

Figure 5.7 Microstructures of SPPS YAG coatings produced by 50% higher concentrated precursor in
(a) and, 80% higher concentrated precursor in (b) using SPPS YAG- Heavy IPBs as the deposition
condition.
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5.4

Conclusions

Two different approaches were employed to improve the economics of the SPPS process
namely, DE and DR. The first approach involved changing precursor concentration. It was
shown that using light IPB deposition condition, dilution increased the DE while maxing out
DR at 10% dilution with subsequent decrease. Microstructures of all the coatings with
different dilutions were acceptable. Since this experiment was conducted at the start of the
project, a 10% diluted precursor was made the standard for all the spray. Increasing precursor
concentration was tried out separately during the end of the project and revealed that a higher
concentration resulted in an increase of 37% and 106% increase in DE and DR respectively
with 50% higher concentrated precursor. Similarly, using 80% higher concentrated precursor
resulted in an increase of 40% and 160% in DE and DR respectively. Both the precursors
produced acceptable microstructure that was comparable to SPPS YAG- Light IPB coatings.

The second approach was exploring the effect of DE and DR on spraying conditions used
for medium and heavy IPB YAG coatings using the 10% diluted precursor. The change in
microstructure from light to medium to heavy IPB structures was obtained by increasing the
precursor injection flow rate and scan speed while reducing the step size. It was discovered
that medium and heavy IPB conditions resulted in increases in DE by 43% and 53% and
increases in DR by 100% and 190% in comparison to light IPB YAG TBCs. Concentrated
precursors (50% and 80% higher) were also employed to deposit coatings with heavy IPB
conditions and the DE reduced by 17% in each of the two cases while DR increased by 19%
in 50% concentrated precursor and by 50% in 80% concentrated precursor. With 209g/hr a
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highest DR value was achieved with the SPPS process. The impact on installed coating cost
of the above is substantial and likely to cut the cost by a factor of 4.

78

Chapter 6. SPPS YAG deposition with Sinplex Pro gun for enhanced standoff
distance

6.1

Overview

In Chapter 3 and Chapter 4 it was shown that YAG based TBCs deposited via the SPPS
process and Metco 9MB gun meet and exceed the major performance standards of APS
YSZ coatings. However, the 9MB plasma gun is known to have temperature and energy
variations in the plasma jet because of the complex interdependence of the process gases
and plasma arc. Unfortunately, this causes the arc to strike different regions of the anode.
The velocity can vary by a factor of 2 typically at 5 KHz. This means that no matter the
injection momentum of the precursor jet, it can never travel the same ideal trajectory at all
times. Greater velocity fluctuation result in a higher fraction of the precursor reaching the
substrates in the un-pyrolyzed form, thereby creating soft and porous coatings. The
problem can be mitigated using a cascaded arc gun (Metco Sinplex Pro) which features a
constrained arc path. This requires a higher voltages and significantly lower voltage
instabilities, which should result in higher deposition efficiencies. This gun also can run at
a higher overall power level with higher efficiency of converting electrical power to jet
enthalpy leading to, the ability to handle higher precursor feed rates and an increase in
standoff distance. The choice to use stream over atomizing injection was to reduce a
variable (atomizing gas pressure) during the spray and enhance the ease of the setup. In
addition, atomization leads to particles reaching the plasma jet in a wider variety of
locations leading to more heterogeneous heating of the material. Note that the velocity of
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the plasma jet changes rapidly upon exiting the gun where the injection takes place. In this
chapter, the Metco Sinplex Pro plasma gun is employed for coating deposition instead of
the 9MB because of the aforementioned reasons. Spray trials were conducted based on the
Taguchi L8 (2^7) array with two level design to firstly understand the effects of different
processing variables on the response variables, (deposition efficiency/rate and coating
thickness/hardness) and secondly to find conditions for depositing coatings with acceptable
microstructure and hardness. Microstructures comparable with previously made SPPS
YAG coatings via 9MB were successfully generated with a Vickers hardness of 200-400
at a standoff distance of 58mm, a 52% increase. Lastly, SprayCam diagnostic equipment
was used to capture images of precursor entrainment in the plasma jet and the effect of
precursor entrainment was explored on the coating microstructure.

6.2

Deposition process

The conditions for the spray trials are shown in Table 6.1, where 8 experiments were done
based on standard Taguchi experimental design. Two additional experiments were done in
which the precursor entrainment conditions were varied from those used in the Taguchi
designed experiments.

Table 6.1 Spray parameters for the spray trials conducted with Metco Sinplex Pro plasma gun and stream injection.
ST1-ST8 refers to spray trials conducted under Taguchi design of experiments. Medium and over, refers to two
separate spray trials with fully entrained and over penetrating precursor conditions respectively in the plasma jet.

Spray trial #
Ar flow rate (L/min)
H2 flow rate (L/min)
Current (A)

ST1
43
6
400

ST2
43
6
400

Taguchi L8 (2^7) Design
ST3 ST4 ST5 ST6
43
43
94
94
10
10
6
6
540 540 540 540
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ST7
94
10
400

Entrainment
ST8 Medium Over
94
83
83
10
8
8
400
450
450

Feed rate (mL/min)
20
35
20
35
20
35
20
35
Scan speed (mm/s)
450 650 450 650 650 450 650 450
Step Size (mm)
3
2
2
3
3
2
2
3
Radial distance (mm)
7
10
10
7
10
7
7
10
Spray distance (mm) 57-64 57-64 57-64 57-64 57-64 57-64 57-64 57-64
Precursor injection
Stream injector, 200µm diameter

6.3

28
450
2
8
57-64

35
450
2
8
49-64

Microstructures of SPPS YAG coatings from Taguchi L8 design

Microstructures of SPPS YAG coatings generated from the Taguchi design are shown in
Figure 6.1-6.8. Each of the figures also contains an image from SprayCam showing the
corresponding entrainment of precursor into the plasma jet. The respective spray conditions
are provided at the bottom of the images for convenience. Bar charts for DE and DR from
all the spray trials have been plotted in Figure 6.9a. Similarly, Figure 6.9b shows the
compiled coating thickness and hardness data from all the spray trials under Taguchi
experiments.

Before the microstructures from the trials are discussed, it should be noted that there are
certain microstructural features that are desirable for SPPS YAG coatings. These features
were compiled based on their association with favorable properties as compared to APS YSZ
coatings based on results from Chapter 3. Such a list of desirable microstructural features
facilitates the elimination of microstructures that do not fit the criteria, thus keeping the focus
of discussion on the promising results of the deposition. The desirable microstructural
features for SPPS YAG coatings are listed as follows:
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1. Periodic through-thickness cracks that impart strain tolerance during thermal cycling.
2. Horizontal layered porosity for impeding phonon transport, thus reducing thermal
conductivity.
3. Uniformity in coating thickness.
4. Vickers hardness between 175-450. Softer coatings are prone to foreign object damage and
harder coatings perform poorly in cyclic environment.
5. Closed top surface of the coating. Open features may provide sites for silicate melts
(CMAS, volcanic ash, fly ash etc.) infiltration.

Figure 6.1a shows the microstructure of SPPS YAG coating obtained from spray trial 1 (ST1).
The coating features a dense top surface and highly porous regions near the substrate. The lack
of vertical cracks and open porosity from the surface will make it prone to cyclic spallation
and poor resistance against silicate melts. The precursor entrainment image (Figure 6.1b)
shows the precursor stream did was not well entrained in the plasma jet and was carried 2mm

Figure 6.1: (a) Cross-section of the SPPS YAG microstructure corresponding to ST1 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.
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above it. The under penetration can be attributed to a lower feed rate (20ml/min) employed for
ST1, resulting in a momentum mismatch between the gases from plasma gun and the precursor.
Further downstream, the precursor undergoes break up, pushing it even further away from the
jet. This results in the deposition of partially un-pyrolyzed precursor, which is only later
pyrolyzed during subsequent gun passes, resulting in densification and a dense surface. ST1
resulted in the highest DE (34%) amongst Taguchi experiments .

Figure 6.2 (a) Cross-section of the SPPS YAG microstructure corresponding to ST2 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.

Figure 6.2a shows the cross section microstructure from ST2. The microstructure shows a
promising horizonal porosity termed “inter-pass boundaries (IPBs)” shown in Chapter 4 to
reduce thermal conductivity, but there is a lack of vertical cracks. Based on earlier experience
thee IPBs are formed when a high feed rate, small step size and high scan speed are employed
during application. As compared to ST1, the precursor entrainment image (Figure 6.2b) shows
the precursor reaching the periphery of the plasma jet, probably due to higher feed rate
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(35ml/min) and undergoing prominent breakup into smaller droplets. Such small droplets
residing on the plasma periphery lead to a columnar cauliflower-like structure when deposited.
When these features are trapped between the densified regions of the coatings, they give rise
to the horizontal porosity (IPBs). DE and DR for ST2 were 20% and 57 g/hr respectively.

Figure 6.3 (a) Cross-section of the SPPS YAG microstructure corresponding to ST3 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.

ST3 employed the hottest plasma condition, (i.e. high hydrogen flow rate, high current and low
feed rate) leading to extremely dense, hard (VHN: 716) and thin (42 µm) coatings with partial
spallation and non-uniform thickness. ST3 also had the lowest DE (13%) and DR (21g/hr)
which is again due to the partial coating spallation during the deposition. The microstructure
and the precursor entrainment are given in Figure 6.3a and Figure 6.3b respectively.
Microstructure from ST4 is shown in Figure 6.4a. It contains IPBs but lacks vertical cracks.
Instead of cracks, there are open gaps starting from the surface of the coatings. Such a coating
would therefore be prone to silicate melt attacks. SprayCam image is presented in Figure 6.4b
and shows breakup of precursor at the periphery of the plasma jet. ST5 trial resulted in a
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microstructure (Figure 6.5 (a) Cross-section of the SPPS YAG microstructure corresponding
to ST5 spray conditions. (b) SprayCam image of precursor entrainment in the plasma jet. Table
slice at the bottom showing the spray parameters.a) with vertical cracks of open nature.
Precursor can be observed penetrating the plasma jet (Figure 6.5 (a) Cross-section of the SPPS
YAG microstructure corresponding to ST5 spray conditions. (b) SprayCam image of precursor

Figure 6.4 (a) Cross-section of the SPPS YAG microstructure corresponding to ST4 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.

entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.b) and
undergoing breakup, forming a wide band of small droplets.
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ST6 resulted in the microstructure shown in Figure 6.6a that fulfills all criteria from the
aforementioned list. It has periodic through-thickness vertical cracks and low density of IPBs.
The DR for the process was highest (83g/hr) amongst ST1-ST8, which is a critical factor for
economizing the process. The DE for ST6 was 29%. Despite utilizing a high feed rate,
(35ml/min) the precursor does not penetrate the plasma plume as seen in Figure 6.6b and seems
to undergo breakup above the jet.

Figure 6.6 (a) Cross-section of the SPPS YAG microstructure corresponding to ST6 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.

Figure 6.5 (a) Cross-section of the SPPS YAG microstructure corresponding to ST5 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.

Microstructure from ST7 (Figure 6.7) is quite similar to ST5, featuring open vertical cracks
and non-homogeneous dense regions. Both DE (21%) and DR (34g/hr) for the trial was lowest
amongst ST1-ST8 Microstructure obtained from ST8 (Figure 6.8), along with ST6, checks all
the boxes for the desirable features. It has a higher density of vertical cracks with IPBs and
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features highest DR (83g/hr) for the process, tied with ST6. Both microstructures are quite
similar to the YAG microstructure extensively analyzed in Chapter 3 and termed “SPPS YAGLight IPBs”.
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Figure 6.7 (a) Cross-section of the SPPS YAG microstructure corresponding to ST7 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.

Figure 6.8 (a) Cross-section of the SPPS YAG microstructure corresponding to ST8 spray conditions. (b) SprayCam
image of precursor entrainment in the plasma jet. Table slice at the bottom showing the spray parameters.
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Figure 6.9: Bar charts showing compiled data values of SPPS YAG coatings deposited using ST1-ST8 spray
conditions. (a) DE and DR plotted for all the trials. (b) Coating thickness and hardness plotted for all the trials.

6.4

Microstructures of SPPS YAG redeposited using ST6 and ST8

From the Taguchi DOE, ST6 and ST8 resulted in the most promising microstructures for
recreating an SPPS YAG – light IPBs microstructure. Thus, to confirm the reproducibility
of the process, spray trials were reconducted with same conditions. Both conditions resulted
in successful repeatability. The microstructures for ST6 and ST8 re-trials are shown in
Figure 6.10a and Figure 6.10b respectively.
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It is worth pointing out the subtle differences between the two structures and the respective
properties they may bring. Figure 6.10a from ST6 has well defined IPBs and periodic vertical
cracks with greater separation as compared to the microstructure from ST8. Such a structure
will prove to be efficient in reducing the thermal conductivity by impeding phonon transport
and forcing them to take longer. On the other hand, the microstructure shown in Figure 6.10b
has a low density of IPBs and a high density of vertical cracks, which would impart the
structure a high cyclic life. These coatings were deposited at a standoff distance of 58mm,
which is a 52% increase over the previously deposited SPPS YAG coatings using Metco
9MB plasma gun.

Figure 6.10 Microstructures of SPPS YAG coatings redeposited using (a) ST6 and (b) ST8 spray
trial conditions.
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6.5

Effect of spray parameters on response variables
This study focuses on four key response variables: deposition efficiency (DE), deposition
rate (DR), coating hardness and coating thickness. Main effect curves were plotted for each
to analyze the effect of the seven spray parameters from Taguchi trials on the response
variables. A guideline to read the curves is as follows:

a) Each graph features seven sub-graphs corresponding to the seven Taguchi factors.
b) The sub-graphs are plotted between 1 and 2 on the x-axis which represents the extreme
values of each factors.
c) A negative slope represents an inverse effect of a Taguchi factor on a response variable
and vice versa.
d) A slope higher in magnitude depicts a more prominent impact of the factor on response
variable.
e) The importance of the factors on the response variables is ranked and shown in a table
below each of the plots.
f) It should be noted that a lower value of the factor- “step size” is actually plotted as
the higher value (2) on the x-axis and vice versa.

Figure 6.11 and Figure 6.12 show the main effects plots for DE and DR respectively. Since
both DE and DR affect the economics of a deposition process, they shall be discussed
simultaneously. Each factor seems to show similar trends in both DE and DR. For example,
an increase in argon flow rate increases both DE and DR. However, these factors affect
DE/DR with different magnitudes.
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Figure 6.11: Main effect plots for response variable – Deposition Efficiency. It should be noted that a lower value
of the factor- “step size” is plotted as the higher value (2) on the x-axis and vice versa.

Figure 6.12: Main effect plots for response variable – Deposition Rate. It should be noted that a lower
value of the factor- “step size” is plotted as the higher value (2) on the x-axis and vice versa.

Step size greatly affects both DE and DR (ranked 1 and 2 respectively), and an increment
in step size (from 2 mm to 3mm) increases both DE and DR. This is suggestive of the fact
that a smaller step size is possibly removing deposited material from the substrate or
overheating the substrate and causing partial spallation during deposition. Precursor feed
rate affects DE the least, but has the most prominent impact on DR. From the SprayCam
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images, it is evident that despite an increase in the feed rate, precursor entrainment barely
changes. Precursor droplets almost always reside on the top periphery of the plasma torch,
thus explaining its inefficacy on DE. However, since DR is directly proportional to feed
rate (Equation 2.2), it is greatly affected. Both Ar and H2 hydrogen flow rate have a
moderate impact on DE/DR. DE/DR increase with an increase in Ar flow rate, which could
be because a higher flow rate of Ar imparts more momentum to the arriving material. Since
the Stokes number for a droplet with higher velocity is greater, such a precursor droplet
would be dominated by its inertia and continue along its initial trajectory en route to the
substrate leading to a higher DE/DR. DE/DR decreases with increasing hydrogen flow rate.
Increase in the hydrogen flow rate causes the plasma to become hotter and have higher
thermal conductivity to better heat the entrained material. Current, scan speed and radial
distance have low impact on DE/DR and inverse relationships are observed. The most
surprising result is that changing the radial distance seem to have some meaningful impact
on the DE and DR. Since increasing the radial distance only increases the velocity of the
precursor marginally due to a slight increase in potential energy, (exit velocity of precursor:
~15m/s @28ml/min, increment due to gravity: 0.28m/s), it should not have any substantial
impact on the entrainment. However, in some of the SprayCam images (e.g. Figure 6.5 (a)
Cross-section of the SPPS YAG microstructure corresponding to ST5 spray conditions. (b)
SprayCam image of precursor entrainment in the plasma jet. Table slice at the bottom
showing the spray parameters.b) it can be observed that the precursor stream is ejecting at
an angle from vertical, which makes it meet the plasma jet downstream thereby changing
the entrainment condition. Increasing the radial distance would thus increase the axial
injection distance of the precursor and if it is at an angle affect the axial location of
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injection. Axial location of injection has large effects on droplet trajectory because there is
a very steep gradient in the plasma velocity axially. This observation has helped realize a
source of variable and emphasizes the need to minimize such errors.

Figure 6.13: Main effect plots for response variable – Coating hardness. It should be noted that a lower
value of the factor- “step size” is plotted as the higher value (2) on the x-axis and vice versa.

Figure 6.13 shows the main effect plots for coating hardness. Coating with greater hardness
is directly related to “hotness” of the plasma. Increasing Ar feed rate, precursor feed rate,
scan speed and step size make the plasma and deposition process cooler, thereby leading
to deposition of soft coatings. On the other hand, increasing H2 feed rate and current makes
the plasma hotter and thus leads to harder coatings.

Figure 6.14 shows the main effect plots for coating thickness. As expected, precursor feed
rate has the greatest impact on the coating thickness. Higher precursor feed rate means
more material deposited per unit time and thus greater thickness. H2 feed rate is the second
most prominent factor affecting coating thickness; an increas leads to a reduction of the
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Figure 6.14: Main effect plots for response variable – Coating thickness. It should be noted that a lower value
of the factor- “step size” is plotted as the higher value (2) on the x-axis and vice versa.

thickness since it inversely affects DE/DR and has been previously explained. Ar flow rate
and step size share similar prominence in deciding the coating thickness. An increase in Ar
flow rate increases thickness as it positively affects DE/DR. Increasing step size results in
decreased coating thickness. This is simply because an increase in step size means a
reduction in the number of times the gun scans the sample, meaning less material is

Figure 6.15 (a) Cross-section of the SPPS YAG microstructure deposited using entrained precursor (b) SprayCam
image of precursor entrainment in the plasma jet. Table at the bottom showing the spray parameters.
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deposited. Lastly, scan speed and current show inverse relationships with coating thickness
and do not affect it prominently.

6.6

Microstructure of SPPS YAG coatings deposited using entrained and over penetrated
precursor

SprayCam images for ST1-ST8 of Taguchi DOE show that in all the experiments, the
precursor barely penetrated the plasma jet and mostly resided on the top periphery. Thus, to
analyze the effect of further precursor penetration, spray trials were conducted with gas flow
rates between the extreme values from the Taguchi DOE. The feed rate was adjusted such
that the precursor would penetrate the plasma more deeply. Two conditions were specifically
chosen based on the depth of precursor penetration. These conditions are shown in the two
rightmost columns of Table 6.1.

The first condition was chosen at a momentum where a major fraction of the precursor
resided within the plasma jet as shown in Figure 6.15 (a) Cross-section of the SPPS YAG
microstructure deposited using entrained precursor (b) SprayCam image of precursor
entrainment in the plasma jet. Table at the bottom showing the spray parameters.b. A small
fraction of the precursor is still carried on the top of the plasma jet. The precursor can be
seen to have undergone complete breakup into small droplets. The corresponding
microstructure is shown in Figure 6.15 (a) Cross-section of the SPPS YAG microstructure
deposited using entrained precursor (b) SprayCam image of precursor entrainment in the
plasma jet. Table at the bottom showing the spray parameters.a and is columnar in nature
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with IPBs in the columns. The regions of the coating near the substrate are dense. Formation
of columns can be attributed to a breakup of the precursor which leads to smaller droplets

Figure 6.16 Cross-sectional microstructure of SPPS YAG coating deposited using entrained precursor at a
standoff distance of (a)49mm, (b)57mm and, (c) SprayCam image showing precursor entrainment in the
plasma jet.

and hence a shadowing effect. The IPBs are formed because of underpenetrated precursor
getting carried on the top periphery of the jet. The DE for the process is 34% which is the
highest obtained in all the depositions conducted in this study and can be attributed to better
utilization of precursor since it is carried mostly within the plasma jet.

Figure 6.16b shows the extreme case of the precursor injection where a major portion of the
precursor overshoots the plasma jet. The corresponding microstructure is shown in Figure
6.16a and is extremely dense with average Vickers hardness of 756. To explain this, it is
important to briefly discuss the pattern of the plasma gum movement. The schematic is
presented in Figure 6.17. The gun starting point is above the sample. Because of the stream
overshoots the plasma jet, the precursor gets deposited on the substrate before the gun
actually faces the substrate. Most likely the precursor arrives to the substrate in un-pyrolyzed
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state. When the gun finally reaches the substrate, due to the heat of the gun, the precursor
starts to pyrolyze-crystallize-melt and densifies onto the substrate, giving rise to an
extremely dense structure. We note that such a structure has no place for TBC application;
however, in cases where a thin dense coating is required for sealing applications [], this may
be an important breakthrough.

Figure 6.17 Plasma gun movement pattern.

6.7

Conclusions

SPPS YAG coatings were deposited using Metco Sinplex pro gun and stream injection.
Spray trials were conducted using Taguchi L8 (2^7) array with two level design.

•

Out of the eight spray trials conducted under Taguchi DOE, two (ST6 and ST8) resulted in
the most favorable microstructures.

•

The microstructure from ST6 has well defined IPBs; the vertical cracks are periodic and
farther apart as compared to ST8.
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•

The microstructure from ST8 has a lower density of IPBs but a higher density of vertical
cracks as compared to ST6.

•

The standoff distance for these two coatings were 58mm, which is a 52% increase over
previously made SPPS YAG coatings using the Metco 9MB plasma gun.

•

Step size, Ar and H2 flow rate affect the DE of the process significantly, (in decreasing
order, step size being the most important one) whereas precursor feed rate is the single
most important factor affecting DR followed by step size, Ar and H2 flow rate.

•

Increasing Ar feed rate, precursor feed rate, scan speed and step size makes the plasma and
deposition process cooler, thereby leading to deposition of soft coatings. On the other hand,
increasing H2 feed rate, and current makes the plasma hotter and thus leading to harder
coatings.

•

As expected, the single most important factor affecting coating thickness for a fixed
number of passes was precursor feed rate.

The effect of precursor penetration into the plasma jet on coating microstructure was
explored. A well-entrained precursor in the plasma resulted in highly columnar
microstructure with IPBs in the columns whereas an over-penetrating precursor resulted in
extremely dense coating.
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Chapter 7. Investigation of SPPS YAG TBCs’ resistance to thermal cycling
and CMAS attack

7.1

Overview

Calcium magnesium aluminosilicate (CMAS) that is formed from the ingested deposits in
gas turbines degrades thermal barrier coatings (TBCs), especially for the most widely used
material; yttria-stabilized zirconia (YSZ). In the present chapter, we examine the behavior
of yttrium aluminum garnet (YAG) as an alternative material for TBCs. CMAS interaction
studies were conducted by making composite pellets of YAG-CMAS and YSZ-CMAS
powders. These pellets, after being subjected to heat treatment between1100°C -1500°C
were characterized by XRD, SEM and EDS, which showed YAG to be almost inert to CMAS
whereas YSZ exhibited significant phase changes.
After comparing the reactivity of YAG and YSZ, to test the behavior of TBCs with YAGlight IPBs and 8YSZ as the topcoat material in a CMAS environment, cyclic furnace tests
were conducted in which a controlled amount of CMAS was applied and then the samples
were cycled to failure. In addition, to simulate the continuous accumulation of CMAS
expected in service, a cyclic furnace test was devised in which a small dose of aqueous
solution of CMAS was applied on TBC specimens at the start of every cycle until the
samples were cycled to failure. In all these tests YAG TBCs- light IPBs outperformed YSZ
in terms of durability and for the case of CMAS the improvement was dramatic with YAG.
The mechanisms of CMAS attack are described and the relative resistance of YAG and YSZ
is shown to be consistent with the Optical Basicity (OB) theory.
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After testing the SPPS YAG- light IPBs, CMAS paste test was conducted on SPPS YAGheavy IPBs to explore the effect of microstructure on CMAS performance. Only CMAS
paste test was conducted this time. CMAS interaction studies conducted on the
microstructure with heavy IPBs show an improvement of 123X and 15X over previously
tested APS YSZ and SPPS YAG- light IPBs TBCs. It is demonstrated that the exceptional
CMAS resistance is a direct consequence of the IPBs which, due to capillary force, draw the
CMAS melt infiltrating the vertical cracks leading to shallow CMAS penetration and thereby
preserving the strain tolerance of the coatings. Owing to a ~70% porosity, the IPBs act as
“reservoir” to CMAS and it is postulated that during continuous CMAS ingestion, the IPBs
will in succession and thus act as sacrificial layers while protecting the rest of the coating
from the CMAS attacks. This is a new approach to CMAS mitigation discovered here.

7.2

SPPS YAG - Light IPBs

7.2.1 CMAS powder characterization

Figure 7.1 shows the simultaneous DSC and TGA results of the two CMAS compositions.
The 4-CMAS exhibited a complete melting at 1203°C but the melting started much earlier
from around ~1165°C. 9-CMAS melted completely at 1174°C.In order to run tests with
both CMAS compositions simultaneously, a temperature of 1180°C was chosen for both
paste and spritz testing. It is noted that a weight change in both 4 and 9-CMAS was
observed in the DSC test by the time the maximum temperature of 1400°C was reached.
In case of 9-CMAS this can be attributed to the loss of sulfur however a weight change in
4-CMAS was not expected. It must be the case that volatile species (nitrates) survived the
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heat treatment at 600°C during synthesis of 4-CMAS. Table 1 shows the expected
composition of 9-CMAS assuming sulfur volatilizes at and above 1100 °C.

Figure 7.1 Simultaneous DSC and TGA data of a) 4-CMAS and b) 9-CMAS.

Temperature-dependent CMAS viscosity is an important parameter that affects infiltration
of coatings thus an attempt has been made to calculate CMAS viscosity using existing
models and has been shown in Table 7.2. Previous study by Wiesner et. Al. [98] shows that
Fluegel model predicted CMAS viscosity which were in reasonable agreement with the
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experimental data, however it has compositional restrictions which may provide inaccurate
results for the 4-CMAS. Thus, Giordano model [99] was used for the 4 component CMAS
despite the fact that it predicted more than an order of magnitude higher than the
experimental values for a CMAS like composition. Because of this we also used the Fluegel
model to calculate the 4 component CMAS viscosity. The temperature for the viscosity
calculation (1180 ºC) was chosen to match the temperature of CMAS-TBC interaction in
paste and spritz tests. Both the models predict that 4-CMAS has a higher viscosity than 9CMAS. The viscosity for 4-CMAS was higher than the 9 component by a factor of 31 and
8 as predicted by Giordano [99] and Fluegel [100] models respectively.

Table 7.1 Chemical compositions of 4 and 9 component CMAS used in paste and spritz testing.

Constituents
CaSO4
SiO2
Al2O3
MgO
CaO
Fe2O3
K2O
TiO2
Na2O

4-CMAS
(mol%)
51.5
4.1
5.2
39.2
-

9-CMAS
(mol%)
26.8
45.6
14.0
5.7
2.4
0.8
1.4
1.4
1.8

9-CMAS after sulfate decomposition
(mol%)
0.0
45.6
14.0
5.7
29.1
0.8
1.4
1.4
1.8

Table 7.2 CMAS viscosity calculated using Giordano and Fluegel model.

Viscosity (Pa*s)
Temperature (°C)
1180
1200

4-CMAS
Giordano
Fluegel
376.6
33.2
252.9
21.5
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9-CMAS
Giordano
Fluegel
11.9
4.4
8.4
1.9

7.2.2 Powder pellet testing

Pellet testing was done using 9 component CMAS only which was then mixed with either
YSZ or YAG. In these tests a 50/50 mixed pellet was cold pressed and then thermally aged
at various temperatures. The cylindrical shaped pellets after a 24-hour exposure at 1500 °C
changed their shape depending upon the temperature and the material. This change,
captured in Figure 7.2 was exacerbated in the case of 8YSZ+CMAS pellets which melted
completely whereas the YAG+CMAS pellet only became rounded. Such a macroscopic
behavior indicates reaction between CMAS and 8YSZ which led to dissolution and reprecipitation of 8YSZ particles thus forming a ‘puddle’ of reaction products. This
characterization is later supported by microscopy. The minimal change in the shape of
YAG based pellets establish the lack of interaction between YAG and CMAS and the
deformation resulted from preferential or localized melting of CMAS in the pellets but held
intact due to YAG matrix. This theory can be further confirmed by Figure 7.3 which shows
the SEM images and EDS of the reaction zone in both 8YSZ and YAG during the heat
treatment at 1500°C. While edge dissolution of ceramic particles can be observed in both
cases, the YAG particles are still rounded and discrete. 8YSZ particles have changed their

Figure 7.2 Pictures of powder pellets (a) Before heat treatment (b) YAG+9-CMAS (1:1 by wt.) after heat
treatment for 24 hours at 1500°C, and (c) 8YSZ+9-CMAS (1:1 by wt.) after heat treatment for 24 hours at
1500°C.
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shape from rounded to irregular, primarily due to dissolution in CMAS and reprecipitation. Some CMAS is also trapped within the particles in the process. X-Ray
diffraction results for both YAG and YSZ based pellets are shown side by side for
comparison in Figure 7.4. YSZ based pellets showed primarily tetragonal phase at 1100°C
and 1200°C with small peaks of monoclinic phase. Interestingly, at 1100°C - 1300°C some
anorthite (CaAl2Si2O8) phase can also be seen with maximum intensity at 1300°C. At
higher temperatures, anorthite phase is absent and the same anorthite observation holds
true in YAG+CMAS pellets. With an increase in temperature for YSZ, the tetragonal to
monoclinic phase transformation increases, as indicated by an increase in monoclinic peak
intensity. At 1400°C and 1500°C most of the tetragonal phase has converted to a
combination of cubic and monoclinic. YAG based pellets show almost no reactivity with
CMAS at all temperatures. Crystallization of anorthite is observed between 1100°C-

Figure 7.3 SEM images of mixed powder pellets post sintering at 1500°C for 24 hours with chemical analysis
data acquired at the ceramic-CMAS interface. (a) 8YSZ+9-CMAS (1:1 by wt.), (b) EDS spectrum at 8YSZ
– 9-CMAS interface, (c) YAG+9-CMAS (1:1 by wt.) and (d) EDS spectrum at YAG – 9-CMAS interface.
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1300°C which disappears at higher temperatures. At 1400°C peaks of Ca4Y6O(SiO4)6 is
observed which does indicate some reactions between CMAS and YAG but the phase
seems to disappear at 1500°C.

Figure 7.4 X-Ray Diffraction of mixed powder pellets after heat treatments at temperatures from 1100°C 1500°C. (a) 8YSZ+9-CMAS (1:1 by wt.) (b) YAG+9-CMAS (1:1 by wt.).

Figure 7.5 (a) SEM image of as received APS 8YSZ TBC showing topcoat, bondcoat and substrate layers.
(b) Magnified image of the 8YSZ topcoat showing horizonal splats and pores.
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7.2.3 Microstructures of SPPS YAG and YSZ baseline samples as received/deposited

The microstructure of “as received” APS 8YSZ sample is shown in Figure 7.5a which
shows three different layers of the coatings. The top layer, deposited via APS process, is
of 8YSZ and has a thickness of ~250µm, followed by a 100 µm layer of bond coat and
finally the superalloy substrate. Figure 7.5b shows the magnified image of APS 8YSZ
coating which has a typical microstructure obtained through APS process with uniformly
distributed splat boundaries and porosity (~15%, calculated using ImageJ software).

Figure 7.6a is a cross section SEM image of “in house” deposited SPPS YAG- light IPBs
with a thickness of ~225µm on superalloy substrates pre-coated with 25µm of APS 8YSZ
and a 100µm bondcoat layer. The SPPS YAG coating has approximately uniform vertical
cracks which extend through the entire coating thickness and offers stress relieving during

Figure 7.6 SEM image of SPPS YAG TBC with a thin APS 8YSZ inner layer, bondcoat and substrate.
(b) Magnified image of the SPPS YAG showing vertical cracks and horizontal pores (IPBs).
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thermal cycling experiments. Figure 7.6b shows a magnified SEM image of YAG coatings
which depicts the aforementioned vertical cracks and also reveals horizontal pores (IPBs)
which has been extensively discussed in Chapter 4.

7.2.4 Thermal cycling without CMAS and failure modes

Figure 7.7 shows the average thermal cycling lives of SPPS YAG and APS 8YSZ baseline
samples with standard deviation indicated through bars. SPPS YAG samples lasted 22%
longer than the baseline 8YSZ samples. To analyze the failure modes, BSE images of the
failed coatings were taken. Figure 7.8a shows the failed baseline sample with spallation at
YSZ-TGO interface. Figure 7.8b shows a magnified image of the failure interface with
elemental mapping. The failure is a mixture of failure in the top coat and through the TGO.

Figure 7.7 Thermal cyclic performance of SPPS YAG and APS 8YSZ TBCs.

A distinct, rather thick TGO layer (10-15 µm) can be observed. The relatively large TGO
thickness enables a failure mechanism that includes shape change imposed on the ceramic
associated with TGO growth [4,60]. In the case of SPPS YAG the failure occurs in YSZ
interlayer-TGO interface and failure at YAG-YSZ interface is also observed as shown in
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Figure 7.9a. A magnified image of the failed region is shown in Figure 7.9b with the
elemental analysis. The TGO thickness is ~15 µm. Failure at the YSZ TGO interface
probably has a contribution to stress in the coating due to shape change due to TGO growth
while separation at YSZ-YAG interface is most likely due to differential sintering [11].

Figure 7.8 (a) Cross section of a failed APS 8YSZ coating in thermal cycling test showing spallation at
YSZ-TGO interface. (b) Magnified cross section of the spallation region with elemental mapping
showing growth of TGO and separation at YSZ-TGO interface.
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Figure 7.9 (a) Cross section of a failed SPPS YAG coating in thermal cycling test showing spallation at YAGYSZ interface and YSZ-TGO interface. (b) Magnified cross section of the spallation region with elemental
showing growth of TGO and separation at both YAG-YSZ and YSZ-TGO interfaces.

7.2.5 CMAS paste test

CMAS paste tests were done with both 4 component and 9 component CMAS and the
general failure modes were the same for the two CMAs compositions however the chemical
interactions were different. The lives of both YAG and 8YSZ coatings decreased
drastically with CMAS application but the reduction in life of 8YSZ sample was more
dramatic. With either of the two CMAS, 8 YSZ samples showed a 147 times reduction due
to CMAS exposure where SPPS YAG samples showed ~20 times reduction. Figure 7.10
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shows the cyclic lives of the two coatings. SPPS YAG coatings performed much better
than APS 8YSZ coatings, with a cycling life greater by at least a factor of 8. The mode of
failure was quite different in the two coatings. APS 8YSZ coatings failed in the form of
flakes, where layer after layer of the coating came off until no coating remained on the
substrate. On the other hand, SPPS YAG coatings failed in one piece at the SPPS YAG to
APS YSZ interface (shown in Figure 7.11). On further examination, as shown in Figure
7.12, it appears that delamination of flakes happens in relatively larger horizontal pores in
the APS 8YSZ coatings. This is likely due to a mixture of stress generated as CMAS melt
infiltrated in the pores by capillary flow and solidified on cooling thereby causing loss of
strain compliance, and also due to the reaction between 8YSZ and CMAS which leads to
dissolution and precipitation in the form of globules also seen in previous studies [101] and
also in the current study as discussed in the following sections.

Figure 7.10 Cyclic lives of APS YSZ baselines and SPPS YAG TBCs during paste test.

Figure 7.13 show the results of X-ray diffraction studies that were performed on the top
surface of failed APS YSZ coatings for both types of CMAS. A reactivity difference
between the two CMAS is observed, where 4-CMAS resulted in stronger peaks of calcium
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zirconium oxide and formation of additional products that can be identified as calcium
silicate and calcium oxide. Minor anorthite phase is observed in 9-CMAS which is
consistent with the pellet test. Figure 7.14 shows the cross section of SPPS YAG coating
with both types of CMAS and its failure originating in APS 8YSZ layer. EDS data, in the
failed layer, confirms the presence of CMAS elements (also distinguishable as grey areas
surrounding the bright ceramic) which suggests that CMAS infiltrated the YAG coating
through vertical cracks and went all the way down to the bottom of APS 8YSZ layer. The
infiltration process is widely regarded to be due to capillary flow [102]. Figure 7.15 shows
the results of X-ray diffraction studies that were performed on the top of failed SPPS YAG
coatings. As in the case of YSZ, a similar trend in CMAS reactivity is observed in the cases
of SPPS YAG samples, where stronger peaks of calcium yttrium oxide silicate (apatite) as

Figure 7.11 TBCs, (a), (b) SEM images showing regions of failure in APS YSZ samples tested with 4 and
9-CMAS respectively. Inset showing macro pictures of failed samples. (c), (d) SEM images showing regions
of failure in SPPS YAG- light IPB samples with 4 and 9-CMAS respectively. Inset showing macro pictures
of failed samples.
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well as anorthite peaks are observed in case of 4-CMAS as compared to 9-CMAS.
Formation of apatite phase is an important observation as it has been shown to block the
infiltration of CMAS in other studies. However, despite the formation of apatite phase in
SPPS YAG, we see infiltration of CMAS through the YAG layer and reaching the bottom
APS YSZ inner layer. It is hypothesized that the microstructure of SPPS YAG has cracks
that are too open and wide that prevents the apatite phase to seal the cracks. Thus,
controlling the crack width of SPPS coatings becomes an important parameter for future
work. The results for 9-CMAS were consistent with the powder pellet testing, where YAG
did not show any major reaction with CMAS. Minor apatite peaks were observed in paste
test while no peaks were observed in paste test at low temperature (1100 °C and 1200 °C).
In both paste and pellet test (1100 °C – 1300 °C) with 9-CMAS anorthite phase was present.

Figure 7.12 (a), (d) BSE images showing cross-section of failed APS YSZ coatings with 4, 9-CMAS
infiltration respectively (b), (e) showing the regions of attack of 4, 9-CMAS respectively on YSZ and (c),
(f) showing EDS spectra of 4, 9-CMAS infiltrated APS YSZ coatings respectively.
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Figure 7.13 XRD pattern from failed APS YSZ baselines during CMAS paste test showing phase
changes in 8YSZ due to its reaction with (a) 4-CMAS (b) 9-CMAS.
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Figure 7.14 (a), (b) BSE images showing cross-sections of failed SPPS YAG- light IPB coatings with 4,
9-CMAS infiltration. (b) BSE images showing cross-sections of failed SPPS YAG-light IPB coatings with
9-CMAS infiltration (c) EDS spectra of APS YSZ inner layer confirming the presence of 4, 9-CMAS. (d)
EDS spectra of APS YSZ inner layer confirming the presence of 9-CMAS.

Figure 7.15 XRD pattern from failed SPPS YAG samples, during CMAS paste test,
showing phase changes in YAG because of its reaction with (a) 4-CMAS (b) 9-CMAS.
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7.2.6 CMAS spritz test

In gas turbine engines, intake of CMAS most often happens in small amounts as a
continuous process. The paste test is a severe test, which might not simulate real
environments. In an attempt to test samples in a more realistic environment, the spritz

Figure 7.16 Cyclic lives of YSZ baseline and SPPS YAG samples during Spritz test
conducted at 1180 °C in 1-hour cycles.

testing, conducted at 1180 °C in 1-hour cycles, was developed (see experimental section
2.16). The cyclic lives of the sample in the spritz test using both types of CMAS are shown
in Figure 7.16 where lower cyclic lives were observed as compared to thermal cycling but
a significant improvement was observed compared to the paste test for both YAG and YSZ.
The longer lives, as compared to paste test, can be attributed to the lower dosages of CMAS
applied in the spritz test compared to the paste test. If one would calculate the equivalency
between the two tests, 25 doses of CMAS from the ‘spritzer’ is equivalent to the amount
of CMAS applied on the samples before the start of the paste test. Figure 7.18 shows the
cross-sectional images, depicting the failure mode in the samples. The inset has the macro
images of the failed coupons. It is interesting to note that the failure modes are consistent
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Figure 7.18 (a), (b) SEM images showing regions of failure in APS YSZ samples tested with 4 and 9-CMAS
respectively. Inset showing macro pictures of failed samples. (c), (d) SEM images showing regions of failure
in SPPS YAG samples with 4 and 9-CMAS respectively. Inset showing macro pictures of failed samples.

Figure 7.17 (a), (c) SEM images showing cross-section of failed APS YSZ Baseline coatings with 4, 9CMAS infiltration respectively (b), (d) showing elemental mapping of 4, 9-CMAS infiltrated APS YSZ
baselines respectively.

with the paste test, despite the method and amount of CMAS application being different.
APS YSZ coatings show the exfoliation behavior whereas SPPS YAG coatings failed from
the APS YSZ inner layer as occurred in the paste test. Figure 7.17 and Figure 7.19 show
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the failed cross-sections of APS YSZ and SPPS YAG. EDS spectral imaging was done on
the APS YSZ coatings which show infiltration of CMAS elements in the failed layer. In
case of YAG, CMAS elements were detected near the bottom proving the infiltration of
CMAS through the vertical cracks in the YAG layer and reaching the APS YSZ inner layer.
In the past, similar tests using pure water were run to show that the thermal shock of the
application of the precursor liquid resulted in only a small reduction (7%) of the cyclic life
compared to a test with no liquid application [60].

Figure 7.19 (a), (b) Backscattered electron images showing cross-sections of failed SPPS YAG coatings
with 4, 9-CMAS infiltration respectively (c), (d) show EDS spectra of SPPS YAG coatings near APS
YSZ inner layer confirming the presence of 4, 9-CMAS respectively.
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7.2.7 Discussion

7.2.7.1 Optical basicity and CMAS viscosity

The concept of Optical Basicity (OB) is reliant on the Lewis concept of acids and bases.
For oxides, the amount of negative charge on the oxygen atoms or ions determines their
acidity or basicity. The OB value of an oxide is representative of this charge, and, hence,
is also a comparative indicator of the relative electronegativity and polarizability values
between oxides [103].[103] This theory has recently been applied to CMAS reactivity
[80,81]. When calculated, OB of CMAS falls on the lower end of the spectrum rendering
them acidic and of the TBC materials are on the higher end, thereby rendering them basic.
The theory predicts greater reactivity if the difference in OB values of CMAS and TBC
materials are higher. To test the theory, OB of the two TBC materials and the two CMAS
compositions were calculated according to Equation 7.1 and are shown in
Table 7.3. It is observed that the differences in the values of YAG and CMAS are lower
TBC Materials

Optical
Basicity

YAG

0.70

8YSZ

0.87

4-CMAS

Difference
0.07

0.63

0.24

9-CMAS
0.75

Difference
0.05
0.12

than that of 8YSZ and CMAS thus predicting lesser reactivity between YAG and CMAS.
With the experimental evidence, it can be confirmed that YAG in all the previous tests
shows little to negligible reaction compared to YSZ in 4 and 9-CMAS respectively. Also,
the differences in the OB of both ceramics and 9-CMAS is less than that of 4-CMAS,
which is also consistent with the greater reaction with the 4-CMAS as seen in Figure 7.13
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and Figure 7.15. 4-CMAS reacts with both YSZ and YAG forming different reaction
products. This is not so visible in the 9-CMAS, which in fact, does not significantly react
with YAG. Thus, OB theory predicts all the reactivity trends in the current experiments
and can be a very useful tool in choosing TBC materials for different strategies of
enhancing CMAS resistance, either by aiming for no reaction or by vigorous reactions
forming crack arresting reaction products like in the case of Gadolinium Zirconate.

Equation 7.1 Formula for calculation of optical basicity.

𝑶𝒑𝒕𝒊𝒄𝒂𝒍 𝑩𝒂𝒔𝒊𝒄𝒊𝒕𝒚 = 𝑿𝟏 × 𝑶𝑩𝟏 + 𝑿𝟐 × 𝑶𝑩𝟐 + 𝑿𝟑 × 𝑶𝑩𝟑 + ⋯

As discussed in section 7.2.1 CMAS viscosity was calculated using existing models and it
was shown that 4-CMAS has a higher viscosity than the 9-CMAS with nearly an order of
magnitude difference. Thus, we would expect 9-CMAS to infiltrate the coatings faster and
thereby leading to shorter cyclic lives in paste and spritz test. Contrary to the hypothesis,
we don’t see this trend in the cyclic lives of samples in either of the aforementioned tests.
Only SPPS YAG samples in spritz test show marginally shorter life with 9-CMAS.
Table 7.3 Calculated values of optical basicity of 8YSZ, YAG and 4,9-CMAS. Differences between the
optical basicity of Ceramics and CMAS have been calculated to predict chemical reactivity between them.

TBC Materials

Optical
Basicity

YAG

0.70

8YSZ

0.87

4-CMAS

Difference
0.07

0.63

0.24

7.2.7.2 Differences in failure modes and lives in CMAS tests
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9-CMAS
0.75

Difference
0.05
0.12

APS 8YSZ samples show distinctive failure characteristics in the form of flakes. We
propose that this can be attributed to rapid infiltration of CMAS melt in the horizontal pores
in APS coatings generated between the splats. The infiltrated CMAS in a molten state,
causes dissolution of 8YSZ, in which yttrium ions were leached out of the YSZ matrix
resulting in detrimental phase change from metastable tetragonal to monoclinic. Also,
solidification of the CMAS in the horizontal pores is likely to result in stress generation
and loss of strain compliance. YAG samples with light IPBs show failure at the interface
in the 8YSZ inner layer when CMAS fully infiltrates the top YAG layer. Vertical cracks
in SPPS YAG coatings serve as channels for CMAS infiltration. While YAG being less
reactive or inert to CMAS (depending on the composition) and does not undergo
detrimental phase changes. The lack of horizontal pores prevents accumulation of CMAS
in the YAG layer, however once CMAS comes in contact with APS 8YSZ inner layer it
causes failure for the reasons described earlier. Another question that arises is the
differences in cyclic life of the coatings. APS 8YSZ coatings offer no resistance to CMAS
infiltration with readily available horizontal pores. Failure lives in SPPS YAG coatings is
primarily governed by the infiltration of CMAS into the YAG layer with minimal chemical
interaction and then its contact with the YSZ inner layer. The infiltration kinetics of CMAS
can be safely assumed to depend on the vertical crack geometry which includes width of
the cracks and its branching to form narrower channels. Further in-depth quantification of
SPPS coating microstructure and its effect on CMAS infiltration kinetics will be conducted.

7.2.8 Conclusions
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In Chapter 3 YAG TBCs with light IPBs were shown to have very good cyclic furnace
durability and erosion resistance. In this chapter CMAS resistance was investigated and
YAG powder shows limited to almost no reactivity with CMAS. 8YSZ shows dissolution
and re-precipitation in the presence of CMAS accompanied by the undesirable phase
changes from metastable tetragonal to monoclinic and cubic. Post sintering conditions of
the pellets emphasized this behavior on a macroscopic scale, where YAG pellets only
changed its shape due to localized melting, while YSZ pellets melted and formed a puddle
of the reaction products. In the tests where CMAS was applied on TBCs, the cyclic lives
of YAG coatings were at least 8 times longer in the paste test and 2 times longer in the
spritz test compared to the YSZ baselines and the failure occurred only when CMAS melt,
infiltrated through the coating and reached the APS YSZ inner layer. Failure in APS YSZ
samples occurred in one cycle in the paste due to infiltration of CMAS in the coatings
which acted both chemically and mechanically to disrupt the structure. Similar trends were
observed in Spritz test, which was conducted to simulate realistic steady ingestion of
CMAS in gas turbines. Longer lives were experienced in the Spritz test resulting from the
lower doses of CMAS. The SPPS YAG TBCs with light IPBs showed superior durability
in the Spritz test compared to the paste test, by a factor of 2-3, and the total number of
cycles was much greater. The concept of optical basicity theory (OB) was employed to
successfully explain the differences in reactivity between two TBC materials (YAG and
YSZ) and two CMAS compositions (4-CMAS and 9-CMAS). These results provide
support to the usefulness of using the OB theory to predict the CMAS resistance of TBCs.
Lastly, viscosity of the two CMAS was calculated using existing models which predicted
4-CMAS to have an order of magnitude higher viscosity than 9-CMAS but no trend was
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observed in TBCs cyclic lives in paste and spritz tests consistent with the higher viscosity
CMAS being less damaging.

7.3

SPPS YAG –Heavy IPBs

7.3.1 CMAS paste test

Figure 7.20 shows the cyclic life of SPPS YAG TBCs in thermal cycling and CMAS paste
test. It should be noted that only 4-CMAS was used for this test. Thermal cyclic lives
(without CMAS) of light and heavy IPB YAG samples are similar to each other, however
a drastic difference is observed in the CMAS paste test. While heavy IPB YAG lasted 66%
of its cyclic life, light IPB YAG lasted only 4%. For reference, in the previous section, we
had performed similar experiments on APS YSZ TBCs [39], where the YSZ samples lasted
147 cycles in thermal cycling test and only 1 cycle in the CMAS paste test run in in the
same furnace with the same cycle conditions. Thus, based on the cyclic lives of TBCs, the
following conclusions can be drawn:

a.

SPPS YAG coating with any microstructure performed ~24% better in thermal
cycling as compared to APS 8YSZ.

b.

SPPS YAG with light and heavy IPBs lasted 8X and 123X longer respectively than
APS YSZ in CMAS paste test.
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c.

SPPS YAG with heavy IPBs performs drastically better (15X) better than light IPBs
in CMAS paste test.

Figure 7.20 Cyclic lives of SPPS YAG coatings with and without CMAS paste (10mg/cm2
concentration).

In the current study we will only focus on the differences in the cyclic life of light and
heavy IPB YAG coatings in the CMAS paste test. After the coatings failure, surface XRD
was done on both the sample surface to analyze the reaction products. The patterns are
shown in Figure 7.21 and are benchmarked against “as sprayed” YAG XRD pattern.
Clearly, both the YAG coatings show surface reactions with CMAS where the reaction
products are yttrium apatite (Ca4Y6O(SiO4)6) and anorthite (CaAl2Si2O8), both of which
have been shown to block CMAS penetration in other studies [25,52–54,57,58,104].
Interestingly, peaks of the two products are stronger in the case of heavy IPB (the most
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discernable intensity peak is marked by an arrow) suggesting a stronger reaction. This
stronger reaction in case of heavy IPBs can be hypothesized to be because of the following

Figure 7.21 XRD pattern of TBCs surface post CMAS paste test.

two factors. The first factor is 5X larger spacing between the vertical cracks as compared
to light IPBs. Microstructures of as sprayed coatings are shown in Figure 7.22, where
average vertical crack spacing in light IPBs is 33 µm and in heavy IPBs is 168 µm. It will
be shown later that the vertical cracks act as channels to CMAS penetration. Therefore
CMAs leaves the surface on the light IPB sample faster and there is less reaction time. The
second factor is the presence of “feathery” microstructural features on the top surface
arising from under penetrated spray which are much more prominent on the heavy IPB
sample surface. These feathery features may provide higher surface area for reaction
between CMAS and YAG and hence with faster reaction more apatite and anorthite are
formed for heavy vs. light IPB samples.
The cross section of the failed SPPS YAG- light IPB coating is shown in Figure 7.23a with
elemental mapping of calcium and silicon from the CMAS. From the elemental maps it
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can clearly be observed that full coating infiltration has happened and the vertical cracks
provide the primary penetration path. Figure 7.23b shows the failure interface, where
fracture is observed in ceramic which is a representative of strain compliance loss in the
coating. A thermally grown oxide (TGO) layer of ~4 µm is also observed.

Figure 7.22 (a) Cross- sectional image of SPPS YAG- light IPBs on superalloy coupon with bondcoat and
APS YSZ inner layer. (b) Cross- sectional image of SPPS YAG- heavy IPBs on superalloy coupon with
bondcoat and APS YSZ inner layer.

Post failure, cross sectional image of heavy IPB YAG is shown in Figure 7.24a. EDS maps
of calcium and silicon show only partial CMAS penetration (~ 45 µm) in the coating.
However more interestingly, the CMAS can be observed to be drawn in the top 4 IPB layers
from the vertical crack which seems to be acting as the primary source of penetration. The
fact that the highest CMAS concentration is seen in the vertical cracks accompanied by the
gradually reducing CMAS concentration from the 1st to the 4th IPB, suggests that the IPBs
are acting as “reservoirs” for CMAS. This, accompanied by stronger surface reaction seems
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to be consuming a substantial fraction of CMAS leading to shallower penetration depth. It
is also hypothesized that since IPBs are readily available for drawing the CMAS, the
vertical cracks remain relatively less penetrated by CMAS thereby preserving the strain
tolerance of the coating, resulting in higher thermal cyclic life.

Figure 7.23 (a) Failed SPPS YAG- Light IPBs coating in CMAS paste test. EDS maps of calcium and silicon
showing full CMAS infiltration in the coating, primarily through the vertical cracks. (b) BSE image of the
failed interface with ~4µm of TGO layer.

Since in section 4.3, the thickness (7±2 µm) and porosity (71%) of the porosity bands in
the heavy IPB YAG was calculated, the volume of one IPB layer (0.2518 mm 3) assuming
that it spans parallel to the entire coating surface can be calculated. Also, the volume of
CMAS melt applied (1.7018 mm3) can be calculated from the weight and density of
individual components. A ratio of CMAS to IPB volume, gives the number of IPB layers
needed to fully hold the CMAS. This ratio is ~7 for this particular study. From the Figure
7.24a and calcium map we can see that ~4 IPB layers are filled with CMAS, along with a
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fraction of CMAS reacted on the surface and in the vertical crack. Thus, the calculation is
in reasonable agreement with the experimental data. Such data becomes important because
as shown in part I, the porosity and thickness of the IPBs can be controlled in a SPPS
process and hence the CMAS mitigation strategy by controlling the depth of CMAS
penetration in the coatings.

Figure 7.24 (a) Failed SPPS YAG- Heavy IPBs coating in CMAS paste test. EDS maps of calcium and
silicon showing partial (~45 µm) CMAS infiltration in the coating, with horizonal spreading in the IPBs. (b)
BSE image of the failed interface with ~8µm of TGO layer.

Relatively similar behavior was observed in the study conducted by Naraparaju et al. where
at 1225 °C, CMAS infiltration depth in “feathery” EB-PVD structure was half of the regular
less feathery microstructure [102]. The feathery microstructures had 50% narrower
columns, thereby increasing the overall density of open channels in between the gaps.
Secondly, the columns itself were feathery occupying 1/2 to 1/3 of the total column width.
These feathery features acted as secondary channels for CMAS penetration.
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A magnified cross-sectional image of the heavy IPB YAG-CMAS reaction zone on the top
coating surface is shown in Figure 7.25 with EDS maps. Several points marked by star in
the image have their elemental quantitative data presented in Table 7.4 along with element
compositions of apatite and anorthite phases that were previously found in the XRD
diffraction pattern (Figure 7.21) of the free surface. The image clearly shows dissolution
of YAG and surface reaction between YAG and CMAS where, a bright layer is observed
on the top, a dark grey region below it and finally the YAG layer in light grey on the
bottom. EDS maps show penetration of calcium and silicon almost everywhere but the
densest YAG region. Yttrium is present in the top-brightest and the YAG regions, absent
in the dark grey region. Aluminum is absent in the top brightest region. This suggests that
after YAG dissolution, Y and Al from YAG must have reacted with CMAS to form
different phases.
The results in Figure 7.25 and Table 7.4 together suggest several somewhat unexpected
things. First is that aluminum is selectively dissolved by the CMAS compared to yttrium.
Location 1 is mildly aluminum depleted YAG being not too near the CMAS, location 2 is
severely aluminum depleted YAG particle trapped in CMAS and location 3 which is
CMAS surrounded by YAG, is aluminum enriched CMAS. Location 6 is consistent with
anorthite which is the expected phase is formed in highly aluminum enriched CMAS and
this phase is also seen in the XRD of the free surface. Second and more surprising is the
formation of Apatite on the free surface that occurs by yttrium enrichment of the CMAS.
No apatite is formed except at the free surface. The reason for this in light of the dominance
of preferential dissolution of aluminum seen elsewhere is not known at this time. In
addition, the furnace had no parts that contained yttrium. We currently have no explanation
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for the formation of apatite only on the free surface but note that in these coatings the last
top layer is made by underpenetrated precursor which leads to a relatively rough and high

Figure 7.25 Magnified image of the top surface of heavy IPB YAG post CMAS test with EDS mapping.
Points marked with stars have quantitative elemental data shown in Table 7.4.

specific surface area YAG meeting the pure initial CMAS composition which is different
form interior locations.

Table 7.4 Quantitative elemental analysis of the CMAS reaction zone as shown in Figure 7.25.

Atom %
1

Ca
0.9
130

Si
0.1

Y
41.6

Al
56.6

2
3
4
5
6
Apatite- Ca4Y6O(SiO4)6
Anorthite- CaAl2Si2O8
YAG- Y3Al5O12
CMAS

16.7
12.3
19.8
30.3
22.7
25.0
20.0
39.6

35.7
21.2
58.8
51.6
44.0
37.5
40.0
52.1

41.9
20.3
6.2
17.1
0.6
37.5
37.5
-

5.7
42.8
13.3
1.0
32.3
40.0
62.5
8.3

7.3.2 CMAS infiltration test conducted for 5 minutes at 1300 °C with a concentration of
100 mg/cm2

The viscosity of CMAS (calculated by Giordano model [99]) at 1180 °C is 252 Pas as
compared to 45 Pas at 1300 °C. Thus, the rate of CMAS infiltration at 1300 °C is expected
to be faster compared to that at 1180 °C . Figure 7.26 shows microstructures of light IPB
YAG respectively after CMAS infiltration conducted for 5 minutes at 1300 °C along with
EDS maps of Ca and Si. It is evident from the cross-sectional image that CMAS has
infiltrated the coating in entirety. The vertical cracks are again the primary source of CMAS
infiltration. Horizontal spreading in the light IPBs is also visible which is expected because
of the lower viscosity of CMAS.
Figure 7.27 shows the CMAS infiltrated heavy IPB YAG microstructure with EDS
mapping of Ca and Si. Before we start the discussion on the infiltration it should be noted
that the thickness of the SPPS YAG heavy IPB coating is ~350 µm, which is ~150 µm
thicker than any of the coatings used previously. Since the aim of the experiment was to
only see the infiltration behavior of CMAS and not the coating performance, the thickness
is irrelevant. The dashed line denotes the depth up to which CMAS has infiltrated the
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coating. The depth of infiltration in the heavy IPB sample is ~250 µm but cannot be
compared with the light IPB YAG as the thickness of light IPB YAG was ~200 µm only.
A thicker coating most likely would have seen deeper CMAS penetration as per the results
in section 7.3.1. As seen previously (Figure 7.24a), here also the CMAS has spread in the
IPBs while the vertical cracks being the primary source of infiltration. In both Figure 7.26
and Figure 7.27, it can be noticed that dissolution of the YAG coating is evident however
there seems to be a subtle difference in the dissolution. The entire surface in the Light IPB
YAG undergoes consumption in CMAS, on the other hand, in case of heavy IPB YAG the
dense layers between the vertical cracks seems to be becoming narrower. In fact, on the
top left of Figure 7.27, a couple of dense layers are missing altogether. Substantial
dissolution can also be observed at the vertical cracks from where the CMAS is infiltrating.
In our previous study where similar CMAS interaction test was conducted on SPPS GZO
coatings, a critical crack width (<1 µm) was determined to be necessary to initiate crack
sealing by formation apatite phase [77]. Such a sealing behavior has not been observed in
case of YAG TBCs. We suspect that lower reactivity of YAG as compared to GZO,
explained by optical basicity theory [39,80,81,103], and wider crack with in SPPS YAG
coating are the reasons for this. Thus, to mitigate the detrimental CMAS behavior in YAG
and other TBCs that show lower reactivity to CMAS, special microstructural features may
be the alternate solution. Study conducted by Naraparaju et al [102], which showed half
the infiltration rate of CMAS in feathery EB-PVD YSZ coatings and the current study
where introduced planar arrays of porosity (IPBs) in SPPS YAG microstructure draw the
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CMAS into them, show promise to address the CMAS issue faced by the current gas
turbines industry.

Figure 7.26 Cross sectional image of SPPS YAG- light IPB coating after 5 min CMAS infiltration
at 1300 °C. Elemental mapping of calcium and silicon from CMAS showing full CMAS infiltration,
primarily through the vertical cracks.

Figure 7.27 Cross sectional image of SPPS YAG- heavy IPB coating after 5 min CMAS infiltration
at 1300 °C. Dashed line mark the depth up to which CMAS has infiltrated the coating. Elemental
mapping of calcium and silicon from CMAS showing horizontal spreading of CMAS in the IPBs
whereas the vertical cracks being the primary source of infiltration.

133

7.4

Conclusions

CMAS interaction tests were conducted on SPPS YAG TBCs with light and heavy IPB
microstructures by cycling TBCs after applying a 10mg/cm2 of CMAS paste. The cyclic life
of the latter was 15X better than the light IPB YAG. The dramatic CMAS resistance of heavy
IPB YAG can be attributed to the following three factors:

•

Spacing between the vertical cracks of heavy IPB YAG is 5X greater than that of light
IPB YAG. (168 µm vs 33 µm). Vertical cracks in SPPS microstructures act as a primary
source of CMAS penetration.

•

The smaller vertical crack density and higher surface area in heavy vs. light IPB
samples results in stronger surface reactions forming apatite and anorthite peaks in the
case of heavy IPB samples.

•

The IPBs are connected to the vertical cracks and draw the CMAS into them.
Consequently, only a fraction of CMAS is available for infiltrating the vertical cracks
thus resulting in shallow depth (~45 µm) of penetration as compared to light IPB YAG
that witnessed full CMAS infiltration (~200 µm) and hence preserving the strain
tolerance of the coating. This is proposed to be an alternate CMAS mitigation approach
which relies on engineering the coatings microstructure.
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Chapter 8. Deposition of APS and SPPS GZO TBCs’ and their resistance to
CMAS attack
8.1

Overview

Gadolinium zirconate (GZO) exhibits excellent CMAS resistance which is attributed to
vigorous reactions between the CMAS melt and the GZO that form secondary phases that
rapidly crystallize and block further infiltration of CMAS. The study that is discussed in the
current chapter was initially aimed at comparing the CMAS resistance of SPPS YAG
coatings with the best known CMAS resistant TBC material that is currently being used in
service. However, during the CMAS interaction tests a strong microstructural dependence
was observed on the infiltration depth in the TBCs. In the current chapter , we examine the
effectiveness of microstructural variables on CMAS resistance and compared the
performance of APS GZO coatings to that of SPPS GZO coatings. Cyclic furnace tests with
and without CMAS were carried out. It is noted that GZO has been extensively studied from
a potential TBC material standpoint and the blocking reaction has been clearly identified and
studied [21–24,27,28]. In this chapter, the effects of microstructure geometry only, using
two different GZO microstructures is examined. The effects considered will be thermal
cyclic durability with and without CMAS. It is also note that a) the APS coatings that were
made for the study is relatively denser than a standard APS coating and, b) the SPPS structure
produced has unusually open structure with extensive stress reliving through thickness
cracks. These two microstructures are highly contrasting and thus are helping to more
strongly illustrate the important difference between them making clearer the trends shown.
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Both APS and SPPS GZO coatings were deposited on OEM superalloy coupons with bond
coats and APS 8YSZ inner layers. These superalloy samples were tested for thermal cycling
as well as CMAS resistance performances.

8.2

APS GZO

8.2.1 Powder morphology and spray trials for optimized coating

Figure 8.1 shows the backscattered electron images of the powder with particle size ranging
between 10 – 50 µm. Figure 8.2, Figure 8.3 and Figure 8.4 show the cross-sectional
microstructure of the coating obtained using conditions of Trial 1, 2 and 3 respectively as
described in Table 8.1. Inset of each of the microstructures enumerates Vickers hardness,
coating porosity and thickness per pass. In each of the three figures, the standoff distances
of the samples from the plasma gun increases from (a) to (d). Microstructures obtained
from trial 1 as shown in Figure 8.2 have the densest coatings from the three trials and can
be attributed to the highest gun power and the lower feed rate, raster step size and standoff

Figure 8.1 Backscattered electron image of as obtained GZO powder.
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Table 8.1 Spray parameters for deposition of APS GZO coatings.

Spray Parameters
Plasma gun
Gun Power (kW)
Primary /secondary gas
Gas flow rate (L/min)
Feed rate (kg/hour)
Stand-off distances (mm)
Gun scan speed (mm/s)
Raster step size (mm)
Number of passes

Trial 1

Trial 2
Trial 3
Metco 9MB, GH gun nozzle
39
36
36
Ar/H2
Ar: 38, H2: 8
Ar: 38, H2: 8
Ar: 47, H2: 8
2.0
2.7
4.5
51, 57, 64, 70
64, 70, 76, 83
70, 76, 83, 90
550
3
5
5
10
10
10

distance amongst the three trials. In fact, the microstructures obtained in (a) and (b) of
Figure 8.2 strikingly resemble dense vertically cracked TBCs [105]. The deposition
thickness/pass increases from (a) to (b) and then sharply decreases. The marginal increase
can be attributed to increased porosity of the coating (b) resulting from less compacted and
partially melted particles. A sharp decrease in deposition per pass in Figure 8.2 (c) and (d)
is a result of lower deposition efficiency as powder particles solidify before hitting the
substrate, or the low-Stokes-number particles get caught up in the stagnation layer and are
prevented to reach substrate forming a coating. Vickers hardness of the coatings shows a
decreasing trend with increasing standoff distance because of increasing porosity in the
coatings.
In an attempt to have coatings with higher porosity and lower hardness for better thermal
cycling durability, a second spray trial was conducted with reduced gun power and
increased feed rate, step size and standoff distances. Figure 8.3 shows the microstructure
of the coatings obtained from the second spray trial. Changing the aforementioned
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parameters did not result in a significant increase in porosity. In fact, coatings shown in
Figure 8.3 (a) still have vertical cracks. Another interesting observation is that the
deposition per pass reduces significantly as compared to trial 1 and the reduction with
increasing standoff distance is more prominent. The strong decrease in deposition per pass
is due to the failure of powder reaching the substrate exacerbated by lower gun power and
a 67% increase in gun step size from trial 1. Ideally a coating with hardness of ~350 VHN
with ~25% porosity would be ideal for the optimum thermal cycling life but such sample
obtained in trial 2 (c) and had poor surface finish. Thus, another spray trial was conducted
where both the primary gas flow rate and the powder feed rate were increased to have a
gradual decrease in the deposition per pass and hardness of the coatings. Microstructures
of the coatings generated from trial 3 are shown in Figure 8.4. As expected, deposition per
pass of all the coatings increases from Trial 2 and decrease in hardness is less gradual.
Coating (d) from trial 3 was chosen as the microstructure for furnace testing as it provides
a strong contrast with respect to the microstructure of the SPPS coatings and thus was
sprayed on superalloy substrates.
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Figure 8.2 SEM of coating cross-sections obtained from trial 1 at standoff distances of
(a)51mm, (b)57mm, (c)64mm and (d)70mm.

Figure 8.3 SEM of coating cross-sections obtained from trial 2 at standoff distances of
(a)64mm, (b)70mm, (c)76mm and (d)83mm.

139

Figure 8.4 SEM of coating cross-sections obtained from trial 3 at standoff distances of
(a)70mm, (b)76mm, (c)83mm and (d)90mm.

8.2.2 Characterization of microstructures

The cross-sectional microstructure of the APS GZO sample on superalloy is shown in
Figure 8.5. The thickness of GZO layer is ~250 µm with a 25±10 µm of APS 8YSZ inner
layer which is better discernable in Figure 8.5b. GZO may exhibit two crystal structures at
different temperatures, ordered pyrochlore at low temperatures and disordered fluorite
which is stable at higher temperatures [32,33]. A transition from fluorite to pyrochlore can
be thermally induced [34]; however, plasma spraying involves rapid solidification of
molten particles accompanied by physical-chemical transformations which lead to the
retention of metastable phases. XRD was conducted on APS and SPPS sprayed sample and
the pattern is shown in Figure 2 with indexed peaks. It is clear from the diffraction pattern
that the prominent phase is metastable fluorite and that the characteristic peaks of
pyrochlore, (311), (331) and (511) are extremely weak. Our observations are consistent
with the studies from other groups for both APS [35,36] and EB-PVD [37] processes.
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Figure 8.5 (a) SEM image of as sprayed GZO coating on superalloy substrate with a bondcoat and
APS 8YSZ inner layer (b) BSE image of coating cross-section showing APS GZO layer on top,
APS 8YSZ inner layer and bond coat layer on the bottom.

Figure 8.6 X-ray diffraction patterns obtained from APS and SPPS GZO coating
confirming the presence of fluorite phase of GZO and absence of pyrochlore phase.
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8.3

SPPS GZO

8.3.1 Characterization of microstructure

The spray parameters used for the process were adopted from a previous study [60] and
are shown in Table 8.2. Figure 8.7 shows the microstructures of witness sample (SS 304
substrate) which was sprayed along with superalloy substrates. Due to a dearth of
superalloy substrates, they were not sectioned for microstructural characterization but were
preserved for actual furnace testing. The microstructure of SPPS GZO coatings resembles
a typical SPPS microstructure [60,64] with vertical cracks that provide strain tolerance and
uniformly distributed porosity. The average porosity of the coating as measured though
ImageJ software was ~14%. The vertical cracks have a range of widths which will have
important effects in the CMAS testing results. Figure 8.7b and Figure 8.7c shows
magnified images of the two vertical cracks with their average thickness values, denoted
by C1 and C2. Thickness of crack 1 (C1) is nearly twice of crack 2 (C2). Figure 8.6 shows
the XRD pattern of the as sprayed SPPZ GZO coatings where the prominent phase is
fluorite with extremely weak pyrochlore peaks. This observation is consistent with the
XRD of APS GZO coating.
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Table 8.2 Spray parameters for the deposition of SPPS GZO coatings.

Spray Parameters
Plasma gun
Gun nozzle
Gun power (kW)
Primary /secondary gas
Gas flow rate (L/min)
Precursor injection mode
Powder/precursor feed rate
Standoff distance (mm)
Gun scan speed (mm/s)
Raster step size (mm)
Number of passes

SPPS Process
Metco 9MB
GP
45.5
Ar/H2
Ar: 61, H2: 10
Atomization: BETE FC4 nozzle, 20 psi pressure
24 mL/min
41
450
2
25

Figure 8.7 (a) SEM image showing cross section of as sprayed SPPS GZO coatings with two vertical cracks
with different thickness, (b) showing magnified image of the thicker crack with thickness data and (c)
magnified image of the thinner crack with thickness data.
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8.4

Furnace lives of APS and SPPS GZO TBCs

In Figure 8.8 the furnace lives (in hours) of APS and SPPS GZO TBCs are shown, both with
and without CMAS. The cycling life of APS GZO coatings is shorter than SPPS GZO by a
factor of 8. SPPS coatings, owing to its strain relieving vertical cracks compared to the
relative dense APS, performed superior to APS coatings; the poor performance of APS GZO
coatings can be attributed to two governing factors: First factor being that in-plane fracture

Figure 8.8 Cyclic life duration (in hours) of APS and SPPS GZO coatings in thermal cycling,
CMAS paste test.

toughness of SPPS coatings is higher than that of APS coatings [66], and secondly the
current APS GZO coatings were still relatively dense and would have performed better with
a more porous structure. On the other hand, when the aforementioned TBCs were tested with
CMAS, APS GZO performed 10X better and exhibited 78% of their cycling life. SPPS GZO
coatings performed poorly in the presence of CMAS and lasted for an average of only 2
cycles. Such drastic loss in life of SPPS coatings indicates severe interaction of the top
coating in presence of CMAS.
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8.5

Failure mechanisms in APS GZO coating

The cross-sectional image of the failed APS GZO coating after failure due to thermal cycling
without CMAS is shown in Figure 8.9. A thin thermally grown oxide (TGO) layer is
observed having an average thickness of 5µm. The failure can be observed in the GZO layer
near the YSZ-GZO interface.

Figure 8.9 BSE image of the failed APS GZO coating with fracture in GZO
layer near GZO-YSZ interface after thermal cycling without CMAS.

No damage to the 8YSZ inner layer is observed and the entire failure is in the GZO coating.
This behavior can be attributed to the low fracture toughness associated with GZO material
and the lower toughness from APS process compared to the SPPS process [59,66] and the
relatively high density and associated low strain tolerance of this coating.
The application of CMAS paste shortened the lives of APS GZO coating by a mere 23%.
Figure 8.10 shows the cross-sectional image of a failed APS GZO coating from the CMAS
paste test with elemental mapping of calcium (Ca) from CMAS and gadolinium (Gd) from
GZO. Firstly, the failure mode looks strikingly similar to the thermal cycling failure without
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CMAS where fracture occurs in the GZO layer at GZO- 8YSZ interface. The thickness of
TGO is ~5µm, which again, is very similar to thermally cycled sample. Elemental mapping
of Ca shows CMAS infiltration with an average depth of 25 µm of the top surface before
getting fully arrested.

Figure 8.10 BSE image showing failed APS GZO sample in CMAS paste test and EDS
elemental mapping showing calcium and gadolinium. Calcium from CMAS only infiltrating
the top ~20 um of the coating and failure occurring in GZO layer as gadolinium can be
detected in both of the pieces.

Figure 8.11 shows a magnified BSE cross section image of the CMAS infiltrated near top
surface of the APS coating with elemental mapping and quantitative analysis of the elements
at five points in affected zones which is enumerated in Table 8.3. A reaction zone of up to
25 µm is visible with no further infiltration of CMAS.
Point 1 lies in a bright region which is richer in Gd and poorer in zirconium (Zr) atoms. Ca
and silicon (Si) are also detected. This region, most likely, is the fully reacted and
reprecipitated region with a mixture of gadolinium apatite and GZO. Later, in the section it
will be shown that apatite phase is detected in a top surface XRD. Below this region lies a
dark band of affected region which has two different “shades” of grey. Both areas of this
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band are severely depleted of both Gd and Zr as can be seen by elemental analysis of point
2 and 3 in Table 8.3. Below this dark band is the last reaction zone which appears to be
darker than CMAS unaffected GZO layer. Elemental analysis of a spot in this region (Point
4) confirms presence of CMAS elements which in BSE image look darker. Lastly, point 5
shows the unaffected zone of the GZO coating where both Gd and Zr are present in nearly
same atomic ratios.

Figure 8.11 (a) BSE image showing magnified image of CMAS infiltrated APS GZO layer with five points
of quantitative elemental analysis (atom%) given in table IV.
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Thus, the failure mode suggests that the induced stress in the GZO layer due to TGO growth
and the low fracture toughness of GZO caused a failure in the coating. CMAS that partially
infiltrated the coating is responsible for reduction in the life of the samples as shown in
Figure 8.8. XRD of the top failed surface was done to detect any reaction between GZO and
CMAS and is shown in Figure 8.12. Weak peaks of gadolinium apatite were detected with
traces of other mineral compositions.

Table 8.3 Quantitative elemental analysis of different regions of CMAS infiltrated APS GZO coating as shown
in Figure 8.11.

Atom %
1
2
3
4
5

Mg
0.8
1.4
0.0
-

Al
0.7
1.0
1.7
-

Si
24.5
23.5
24.4
26.3
-

Ca
51.5
62.9
52.5
27.0
-

Zr
10.9
12.8
15.1
8.4
49.9

Gd
12.4
5.6
36.5
50.1

Figure 8.12 XRD pattern of failed top surface of APS GZO coating after CMAS
paste test showing presence of apatite phase.
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8.6

Failure mechanisms in SPPS GZO coating

Cross sectional image of the failed SPPS GZO coating without CMAS is shown in Figure
8.13. The failure of the coating is of mixed nature, i.e. spallation at TGO-8YSZ inner layer
interface and at GZO-8YSZ interface. Fracture in GZO layer is also observed near GZO8YSZ interface. The failure in this case is most likely governed by stress generated in the
ceramic layers due to thickening of TGO. Compared to APS coatings, the TGO thickness in
this case is ~20 µm, which is four times larger than in the much shorter APS sample test and
is expected due to a longer exposure to thermal cycling.

Figure 8.13 Cross-sectional image of the failure interface showing fracture in GZO layer
and spallation at GZO-TGO interface in thermal cycling without CMAS.

On application of CMAS paste on SPPS GZO coatings, the cyclic lives of GZO coatings
were drastically reduced by a factor of over 10. Figure 8.8 summarizes the cyclic lives of
these samples. Figure 8.14 shows the cross-sectional micrograph of the failed SPPS coating
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in the CMAS paste test. Because of the extremely small cyclic duration, visible TGO
formation did not occur and the failure is entirely in the ceramic GZO layer. The failure is
representative of the loss of strain tolerance in the topcoat, given GZO having a smaller
fracture toughness than YSZ [59].

CMAS

200 µm
Figure 8.14 BSE image showing cross section of failed SPPS GZO coating in CMAS paste test
with fracture in GZO layer due to loss of strain tolerance occurring from infiltrated CMAS.

XRD of the top of the failed coating was carried out and is shown in Figure 8.15. Apatite
and zirconia peaks are detected along with other mineral compositions in the form of calcium
silicate and calcium magnesium silicate. When compared with the XRD pattern of APS
coating post failure (Figure 8.12), it is evident that a stronger reaction between SPPS GZO
and CMAS has happened. Stronger peaks of apatite, wollastonite and akermanite along with
formation of zirconia is observed in SPPS GZO coating (Figure 8.15). A most likely reason
for a stronger reaction in SPPS GZO is because the micro porosity in SPPS coating offers
larger surface area generated from finer SPPS splats as compared to larger APS splats.
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Figure 8.15 XRD of top surface of the failed SPPS GZO coating in CMAS paste test.

To have a better understanding of the CMAS effects on the coating, Figure 8.16 shows the
failed GZO coating and elemental mapping. Interestingly the CMAS infiltration is almost
exclusively limited to the vertical cracks with little spreading in horizontal porosity which
are connected to the cracks. It is to be noted that the CMAS infiltration in these cracks occurs
within a couple of cycles/hours (the cyclic life was only 2 cycles), which explains such rapid

Figure 8.16 Magnified view of the failed SPPS GZO coating in CMAS paste test with CMAS infiltration in the
vertical cracks. Dashed arrows show the depth of CMAS infiltration and CT refers to the thickness of the vertical
cracks (b) Elemental analysis of the coating which demonstrates the infiltration of CMAS elements, primarily
limited to the vertical cracks.
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failure of coatings as the stress relieving features of the SPPS structure were filled with
CMAS thereby causing loss of strain tolerance during thermal cycling. The figure features
two vertical cracks with different depth of CMAS infiltration which have been marked with
dashed arrows. Left crack shows the infiltration in the entirety of the coating depth while
right one shows only partial infiltration (~70µm). Image J measurements of these two cracks
shows that the fully infiltrated crack width at the surface is ~2 microns and the partially
infiltrated crack width is ~0.9 micron.

Figure 8.17 shows magnified image of the wider left crack from Figure 8.16 and quantitative
elemental analysis of different regions of the infiltrated crack enumerated in Table 8.4. A
preferential depletion of Gd ions is observed from the parts of GZO coating in direct contact
with CMAS melt. As mentioned before the CMAS infiltration is primarily limited to the
vertical cracks with horizontal spreading or “wetting” due to capillary draw in the transverse
cracks that reconnected to through thickness cracks. Points 1 and 2 quantify the elements of
CMAS in “as applied” condition and in the vertical crack post infiltration respectively.
Composition of point 1 is in a reasonable agreement with the “as prepared” CMAS
composition provided in Table 2.2 where atom percent of elements are Si: 50%, Al: 8%, Mg:
5% and Ca: 38%. At point 2, Gd and Zr can be detected which is attributed to the dissolution
of GZO from walls of vertical cracks and their diffusion in the CMAS melt. Point 3 shows
the part of the GZO coating unaffected by CMAS whereas points 4, 5 and 6 indicates the
areas of the GZO coatings which are in maximum or direct contact with CMAS melt. In all
these points depletions of both Gd and Zr are observed but the depletion of Gd is much
greater as compared to Zr indicating preferential depletion. Point 7 lies in the coating where

152

CMAS is infiltrated but is not in direct contact. Thus, the depletion of Gd and Zr are not as
extensive as points 4, 5 and 6, nonetheless, higher depletion of Gd is observed again. The
walls of the vertical cracks and the top surface exhibit a spherical morphology which is a
result of dissolution and re-precipitation of GZO.

Figure 8.17 Magnified view of the wider vertical crack in the SPPS coating from Figure 8.16 with elemental
analysis of different points demonstrating (1) change in original CMAS composition between surface and
at the center of vertical crack (Point 1 and 2) and (2) Preferential loss of Gd ions as compared to Zr when
in contact with CMAS (Points 3 to 7).

5 µm
Figure 8.18 Magnified image of the narrower crack from Figure 8.16 showing crack sealing near the top
surface marked by the dashed box.
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Table 8.4 Quantitative elemental analysis of different regions of CMAS infiltrated vertical crack of SPPS GZO
coating as shown in Figure 19.

Atom %
1
2
3
4
5
6
7

Mg
3.1
6.8
7.2
6.6
6.6
-

Al
2.3
11.4
5.3
9.7
4.2
-

Si
48.1
39.9
20.7
26.2
21.6
19.4

Ca
46.5
34.8
20.9
22.6
19.5
15.5

Zr
2.5
54.0
37.6
25.6
38.5
42.3

Gd
4.6
46.0
8.3
9.2
9.7
22.8

Figure 8.19 (a) Cross sections of vertical cracks with CMAS infiltration and no crack blocking is observed. Solid
black line shows the depth of infiltration. (b) Cross sections of vertical cracks with CMAS infiltration where
crack blocking is observed. Blocking occurs in regions where thickness of vertical cracks is less than 1µm.
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Figure 8.18 shows the magnified image of the narrower vertical crack from Figure 8.16.
Sealing of the crack can be observed which is denoted by the dashed box. This is the
evidence that the width of the cracks governs whether a sealing reaction happens or not.
Secondly, it should be noted that despite the sealing, a partial CMAS infiltration of ~70
µm is observed, suggesting that the kinetics of blocking reaction is slower than the
infiltration of CMAS in the vertical crack in the early part of the infiltration. In this study
“sealing” has been identified by analyzing the SEM images of the cracks that show
extension or diffusion of GZO from crack walls so that they meet somewhere in between
and no longer provide an open path for CMAS infiltration. It should be noted that without
a transmission electron microscopy analysis it is difficult to claim if the sealing is a result
of apatite formation but given we detect apatite on the surface indicates that apatite
formation is likely and resulting in this sealing action.

In an effort to further understand the trends of CMAS infiltration with different crack
thickness we analyzed several (~40) vertical cracks that were infiltrated with CMAS.
Almost 80% of these cracks were not sealed at all and showed deeper [70±15 µm] CMAS
penetration on an average. ~20 % of these cracks were sealed and showed shallower [48±13
µm] CMAS penetration. Further, the sealing only happened where local crack width was
< 1 µm. Figure 8.19 shows an example of the aforementioned observation. Part (a) of the
image shows vertical cracks that were not sealed with solid black lines marking the point
up to which the CMAS infiltrated the cracks. Part (b) shows the few cracks that were
actually sealed and have been represented by solid boxes, point up to which CMAS has
infiltrated is marked by solid black lines. It should be noted that average depth of CMAS
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infiltration in sealed cracks is less than its counterpart thereby suggesting that sealing does
prevent further penetration of CMAS even though it was not “fast enough” to stop the
infiltration immediately and completely.
To sum it up the failure of the SPPS GZO coating in CMAS paste test is because of a rapid
infiltration of CMAS in the vertical cracks which causes a loss of strain compliance
necessary in SPPS coatings for enhanced thermal cycling durability.

8.7

Discussion

8.7.1 Importance of density of APS coatings

Figure 8.20 Deeper CMAS penetration in porous region of the APS GZO coating.

Section 8.4 and Figure 8.8 summarized the cyclic lives of APS and SPPS GZO coatings
both with and without CMAS. It is noticed that the lives of APS coatings without CMAS
is 8X shorter than that of its SPPS counterpart; however, it is 10X longer in CMAS paste
test. We believe that coating porosity and the geometry of the pores have a big role in
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defining the two cyclic lives. APS coatings have primarily horizontal pores and micro
cracks that are generated at splat boundaries. These pores are not necessarily
interconnected and most importantly do not run from surface to bottom, hence do not
provide a free channel for CMAS melt to infiltrate through the coating. Thus, an APS
coating shows better resistance to CMAS infiltration. On the other hand, lack of
interconnected pores results in a poor strain tolerance of the structure and result in
considerably short thermal cycling life. To overcome this problem, more porosity can be
introduced in coatings; however, a porous coating may result in compromised CMAS
resistance, and become more prone to CMAS infiltration. To illustrate the porosity effect,
in Figure 8.20 we have shown a region of the APS coating that has a higher local porosity
and may have occurred due to some abnormality during the spray and experienced CMAS
infiltration up to a depth of ~75 µm, which is 50 µm greater than the average CMAS
infiltration. It is noted that such a porous region might also be a result of cracking during
very early stage of sintering to relieve stress. Thus, the optimization of porosity in an APS
coating is an important criterion and needs to be strictly controlled to achieve a balance
between thermal cycling and CMAS resistance. Previous study by Li et. Al [9] also show
an important role of coating porosity in CMAS performance.

8.7.2 Importance of crack width in governing CMAS infiltration of a SPPS coating

The arrest of infiltration by the change of composition of the CMAS by the addition of
gadolinium and formation of apatite as described in references [25,52–54] will only
mitigate the effects of loss of compliance if the arrest event occurs before full infiltration
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happens. According to the Washburn equation [106] governing capillary based infiltration,
the CMAS infiltration depth in a given time is related to square-root of the crack width.
Thus, wider cracks will result in deeper CMAS penetration. In addition, a wider crack has
a larger volume of CMAS and hence need a larger quantity of Gd to reach a concentration
for the formation of apatite. In this study we show the dramatic difference crack width
makes in cyclic furnace life by contrasting two different coating structures. In addition, for
this CMAS at the given test temperature we show that the critical crack width is
approximately 1 micron. It is noted that as of now it is not possible for us to generalize a
critical crack as it depends upon a number of factors (CMAS composition, TBC material
and deposition process, temperature). Deducing a guideline for crack width would require
either a vast data set where studies have been done with different CMAS composition, TBC
microstructures and at various temperatures or modeling of infiltration kinetics.
Controlling crack width in SPPS process can be achieved by changing standoff distance
which essentially changes the coating density. A harder coating has finer cracks as compared
to a softer coating. Secondly, horizonal pores (termed inter pass boundaries- IPBs) can be
introduced in SPPS coatings. The IPBs are connected to the vertical cracks and can possibly
draw CMAS melt into them thereby limiting the infiltration of CMAS in the vertical cracks
and hence preserving the strain tolerance of the coatings.

8.8

Conclusions

Relatively dense APS GZO coatings were deposited using Metco 9MB plasma gun on
superalloy coupons for furnace testing. SPPS GZO coatings with extensive through
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thickness stress relieving cracks were also deposited using previously optimized conditions
and were prepared for furnace testing. The furnace tests consisted of thermal cycling and
CMAS paste test where a concentration of 10mg/cm2 of CMAS was applied on TBC
specimens. SPPS coatings lasted 8X longer in thermal cycling as compared to relatively
dense APS coatings but showed a dramatic loss in cyclic life with CMAS, performing 10X
worse than APS coatings. Superior thermal cycling durability of SPPS process can be
attributed to stress relieving vertical cracks which in turn offered unhindered channels for
CMAS melt infiltration and thus poor CMAS resistance. It was also shown as expected that
crack width plays a critical role in governing the depth of CMAS infiltration where narrower
cracks allowed less penetration. Cases of crack sealing were also observed (< 20% of all
vertical cracks) and only happened in the region of the cracks where its width was < 1 µm.
These results begin to show that for a specific temperature and CMAS cracks wider than 1
µm will not be sealed. Further work and modeling is needed to provide information about
tolerable cracks sizes for other CMAS compositions and temperatures. The sealed cracks
showed less CMAS infiltration depth as compared to the ones that were not sealed. It is
important to note that CMAS infiltration and formation of secondary phases that block its
infiltration are two competing phenomenon and thus blocking has to happen soon enough to
prevent the entire coating from damage.
The dense APS coatings on the other hand had shorter thermal cycling life because of a
mixture of several factors including, dense coating, lack of stress relieving vertical cracks
and smaller in plane fracture toughness associated with APS process. Dense coating and
absence of vertical channels resulted in only 25 µm of CMAS infiltration in the coatings
resulting in only 23% reduction from thermal cycling life.
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Chapter 9. Effect of CMAS viscosity on infiltration depth

9.1

CMAS compositions and their viscosity

Three CMAS that were used for the infiltration experiments are shown in Table 9.1 and
along with their melting point taken from the literature [83]. A 5-minute infiltration was
carried out at 1300 °C to investigate the effect of CMAS viscosity on infiltration depth and
secondly to see the effect of microstructures on the characteristics of infiltration. SPPS GZO,
SPPS YAG with light IPBs and SPPS YAG with heavy IPBs were the three structures used
for the study. The viscosity of the CMAS compositions are plotted as per Giordano model
and shown in Figure 9.1. The viscosities of CMAS-1, CMAS-4 and CAS-5 at 1300 °C are
in an increasing order with values of 0.3, 2.6 and 3162 Pas respectively.
Table 9.1 CMAS compositions and their respective melting points used for 5 minutes infiltration at 1300 °C.

Designation
CMAS-1
CMAS-4
CAS-5

Composition (mol%)
C33M9A13S45
C13M15A17S55
C15Al15S70

Melting Point (°C)
1249
1234
1180

Figure 9.1 Viscosities of CMAS compositions calculated via Giordano model and used for 5 minutes
infiltration at 1300 °C.
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9.2

CMAS infiltration depth in different microstructures

Cross sections of SPPS GZO coatings post infiltration are shown in Figure 9.2 for the three
CMAS composition along with EDS maps of Ca and Si. CMAS-1, being the least viscous
of the three compositions show full infiltration (~250 µm) in the SPPS GZO coatings as seen
in Figure 9.2a. EDS maps of Ca and Si reveal the same with the vertical cracks being the
primary source of CMAS ingestion in the coatings. Figure 9.2b shows the infiltration from
CMAS-4 which is ~9X more viscous than CMAS-1. Clearly the depth of infiltration is less
than the previous case and is marked by the dashed lines. An average infiltration depth in
the case is ~60 µm. Interestingly the depths of penetration vary with the crack width. This
can be the case because narrower cracks either get sealed due to apatite formation or have
slower infiltration rate as given by the Washburn equation. This result is consistent with the
study done on SPPS GZO coatings in Chapter 8. Finally, Figure 9.2c shows the infiltration
of CAS-5 in the SPPS GZO coating. It should be noted that CAS-5 is ~10500X and ~1200X
as viscous than CMAS-1 and CMAS-4. This composition was intentionally chosen to show
dramatic effects of viscosity on coating infiltration. As seen from the figure and the EDS
maps, the depth of infiltration is ~20 µm which is substantially lesser than the other two
CMAS compositions. An interesting observation is that CAS-5 seems to have a poor coating
wettability. Such an observation is not surprising because studies have been conducted that
prove that surface wettability is dependent upon liquid viscosity [107].
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Figure 9.2 Cross sections of SPPS GZO coatings post CMAS infiltration at 1300 °C for 5- minutes using (a)
CMAS-1, (b) CMAS-4 and, (c) CAS-5. Dashed lines mark the depth of infiltration.

Cross sections of CMAS infiltrated SPPS YAG- light IPB coatings are shown in Figure 9.3.
Full coating infiltration is observed in both CMAS-1 and CMAS-4 as shown in (a) and (b)
and ~80 µm infiltration is observed with CAS-5. Thus, as compared to SPPS GZO coatings
YAG with light IPBs show deeper CMAS penetration. Higher density of vertical cracks,
wider vertical cracks and lower reactivity of YAG with CMAS are the reasons for this.

Figure 9.3 Cross sections of SPPS YAG- light IPBs coatings post CMAS infiltration at 1300 °C for 5- minutes
using (a) CMAS-1, (b) CMAS-4 and, (c) CAS-5. Dashed lines mark the depth of infiltration.
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In case of SPPS YAG with heavy IPBs the depths of infiltration are comparable to SPPS
GZO and are shown in Figure 9.4. Full infiltration is observed with CMAS-1, ~100 µm with
CMAS-4 and ~20 µm with CAS-5. A horizontal spreading of CMAS is observed in the IPBs
which is the primary reason for lower infiltration depths as the IPBs. Since in the current
experiment a sea (unlimited) amount of CMAS is available, the IPB layers fill up one after
another. In realistic scenarios the ingested dosage of CMAS is much lower, thus a few IPB
layers would be capable of holding the entire CMAS. An example of this was observed in
section 7.3.1 where 4 IPB layers were capable of holding a CMAS concentration of
10mg/cm2. Another interesting observation can be made in Figure 9.4b where the top most
IPB layer, on the left of the image, seems to have undergone complete dissolution. Severe
dissolution is observed in the center of the image in the region where 3 vertical cracks are in
the vicinity. An ideal scenario for CMAS mitigation would be a case when each of the IPBs
acts as a sacrificial layer, where after ingestion of CMAS either the layers undergo
dissolution or spall off taking the CMAS accumulated up to that point in time with it. This
would prevent CMAS from penetrating the coating while exposing new surface with
feathery features (present in the IPBs), having high surface area to undergo reaction and
partial consumption of CMAS by forming apatite and anorthite as observed in section 7.3.1.
As of now, there is enough evidence to support the hypothesis where a good CMAS
resistance has been achieved using heavy IPBs in SPPS YAG coatings. Ideally this can be
achieved in any SPPS based coatings but requires additional work were a systematic study
of processing is conducted to optimize thickness of the IPB bands and control over the
spacing between the vertical cracks that would limit the CMAS infiltration.
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Figure 9.4 Cross sections of SPPS YAG- heavy IPBs coatings post CMAS infiltration at 1300 °C for 5minutes using (a) CMAS-1, (b) CMAS-4 and, (c) CAS-5. Dashed lines mark the depth of infiltration.

9.3

Conclusions

A time dependent infiltration carried out with CMAS of different viscosities clearly show
that CMAS viscosity plays a crucial role in the depth of penetration in the TBCs. Low
viscosity CMAS readily penetrate the coating while more viscous CMAS show lesser
coating penetration. It was also observed that irrespective of the CMAS viscosity, horizontal
spreading of CMAS was observed in the IPBs which limits the depth of penetration. Both
SPPS GZO and SPPS YAG with heavy IPBs demonstrated similar depth of penetration,
though the rate was controlled by different factors. In case of GZO the infiltration was
limited to the vertical channels and controlled by the width of vertical cracks. Narrower
cracks (<1 µm) got sealed at much lower depths. Not shown in the current chapter, but from
the study conducted in Chapter 8 it was shown that narrower cracks allow for the formation
of apatite phase which blocks the cracks from further CMAS infiltration. In case of heavy
IPB YAG, the rate of infiltration was governed by the presence of IPBs which drew CMAS
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into them from the vertical cracks. As a result, the IPBs in SPPS coatings have been
demonstrated as alternate CMAS mitigation strategy, which solely depends on engineering
the microstructure geometry via processing thereby alleviating the need to use an expensive
rare earth dominant material like gadolinium zirconate. Admittedly, the use of heavy IPB
coatings require a tradeoff of lower erosion resistances to obtain better CMAS resistance.
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Chapter 10. Conclusions

10.1 SPPS YAG with IPBs meet and exceed critical properties necessary for a TBC

In Chapter 3 it was demonstrated that an existing material, YAG, can meet and exceed all
the major performance standards of current state-of-the-art air plasma sprayed YSZ. SPPS
YAG TBCs with light IPBs exhibited about 30% lower thermal conductivity at elevated
temperatures than a typical APS YSZ used for comparison in this study. Based on the data
presented for thermal stability and sinter resistance, SPPS YAG TBCs have the potential to
be used at temperatures >200°C higher than YSZ TBCs. In addition, unlike most higher
temperature coatings SPPS YAG erosion performance was superior to that of APS YSZ.
It was further demonstrated that the porosity in SPPS YAG coatings can be engineered to
control the prominence of IPB layers which in turn can help achieve even lower thermal
conductivity. Two SPPS YAG microstructures (termed as “medium” and “heavy” IPBs)
were optimized with IPBs of different prominence. SPPS YAG with heavy IPBs
demonstrated a thermal conductivity of 0.58W/mK at 1300 °C, which is 36% lower than
light IPB YAG while demonstrating similar thermal cycling and sintering resistance. Rise
in thermal conductivity of heavy IPB YAG was only 18% as compared to 76% in case of
SPPS YSZ at 1350 °C. Despite showing superior performance to APS YSZ in other aspects,
YAG with medium and heavy IPBs performed 30% and 4.5X worse.

10.2 Mechanism of IPB formation for SPPS process
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The mechanism for IPB formation was studied by imaging the precursor injection in the
plasma jet and by conducting single scan and multiple step scan depositions on polished
stainless-steel plates. It was concluded that increment in feed rate and reduction in raster step
size resulted in increased prominence of the IPBs. Results from single scan depositions
showed that for medium and heavy IPB conditions, that employed higher feed rate than light
IPB condition, resulted in significant depositions from both under and over penetrated
precursor. Cross sectional images of coatings from raster step depositions suggested that the
IPBs are formed from under and over penetrated precursor and the dense layer is formed by
a combination of direct deposition of dense coating and densification of coating due to
multiple passes.

10.3 Enhancing the deposition efficiency and rate of SPPS process

Two different approaches were employed to improve the economics of the SPPS process
namely, DE and DR. The first approach involved changing precursor concentration. It was
shown that using light IPB deposition condition, dilution increased the DE while maxing out
DR at 10% dilution with subsequent decrease. On the other hand, increasing precursor
concentration revealed that a higher concentration resulted in an increase of 37% and 106%
increase in DE and DR respectively with 50% higher concentrated precursor. Similarly,
using 80% higher concentrated precursor resulted in an increase of 40% and 160% in DE
and DR respectively.
In the second approach the effect of spraying conditions used for medium and heavy IPB
YAG coatings was explored on DE/DR using the 10% diluted precursor. The change in
microstructure from light to medium to heavy IPB structures was obtained by increasing the
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precursor injection flow rate and scan speed while reducing the step size. It was discovered
that medium and heavy IPB conditions resulted in increases in DE by 43% and 53% and
increases in DR by 100% and 190% in comparison to light IPB YAG TBCs. Concentrated
precursors (50% and 80% higher) were also employed to deposit coatings with heavy IPB
conditions and the DE reduced by 17% in each of the two cases while DR increased by 19%
in 50% concentrated precursor and by 50% in 80% concentrated precursor. With 209g/hr a
highest DR value was achieved with the SPPS process. The impact on installed coating cost
of the above is substantial and likely to cut the cost by a factor of 4.

10.4 Enhanced CMAS resistance of YAG TBCs

Reactivity of YAG and YSZ powders was studied with 9-CMAS and it was concluded that
YAG powder showed limited to almost no reactivity with CMAS. On the other hand, 8YSZ
shows dissolution and re-precipitation in the presence of CMAS accompanied by the
undesirable phase changes from metastable tetragonal to monoclinic and cubic.
In the tests where CMAS (10mg/cm2 concentration) was applied on TBCs, the cyclic lives
of light IPB YAG coatings were at least 8 times longer in the paste test and 2 times longer
in the spritz test compared to the YSZ baselines and the failure occurred only when CMAS
melt, infiltrated through the coating and reached the APS YSZ inner layer. Failure in APS
YSZ samples occurred in one cycle in the paste due to infiltration of CMAS in the coatings
which acted both chemically and mechanically to disrupt the structure. Similar trends were
observed in Spritz test, which was conducted to simulate realistic steady ingestion of
CMAS in gas turbines. The concept of optical basicity theory (OB) was employed to
successfully explain the differences in reactivity between two TBC materials (YAG and
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YSZ) and two CMAS compositions (4-CMAS and 9-CMAS). These results provide
support to the usefulness of using the OB theory to predict the CMAS resistance of TBCs.

After the comparison between APS YSZ and SPPS YAG with light IPBs, CMAS
interaction tests were conducted to compare performance of SPPS YAG light and heavy
IPB microstructures. The cyclic life of the latter was 15X better than the light IPB YAG.
The dramatic CMAS resistance of heavy IPB YAG can be attributed to the following three
factors: (a) Spacing between the vertical cracks of heavy IPB YAG is 5X greater than that
of light IPB YAG. (168 µm vs 33 µm). Vertical cracks in SPPS microstructures act as a
primary source of CMAS penetration. (b) The smaller vertical crack density and higher
surface area in heavy vs. light IPB samples results in stronger surface reactions forming
apatite and anorthite peaks in the case of heavy IPB samples. (c)The IPBs are connected to
the vertical cracks and draw the CMAS into them. Consequently, only a fraction of CMAS
is available for infiltrating the vertical cracks thus resulting in shallow depth (~45 µm) of
penetration as compared to light IPB YAG that witnessed full CMAS infiltration (~200
µm) and hence preserving the strain tolerance of the coating. This then is a new CMAS
mitigation approach.

10.5 Microstructural effect on the CMAS resistance of GZO

Relatively dense APS GZO coatings and SPPS GZO coatings with extensive through
thickness stress relieving cracks were deposited using Metco 9MB plasma gun on superalloy
coupons for furnace testing (thermal cycling and CMAS paste test). SPPS coatings lasted
8X longer in thermal cycling as compared to relatively dense APS coatings but showed a
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dramatic loss in cyclic life with CMAS, performing 10X worse than APS coatings. Superior
thermal cycling durability of SPPS process can be attributed to stress relieving vertical
cracks which in turn offered unhindered channels for CMAS melt infiltration and thus poor
CMAS resistance. It was also shown as expected that crack width plays a critical role in
governing the depth of CMAS infiltration where narrower cracks allowed less penetration.
Cases of crack sealing were also observed (< 20% of all vertical cracks) and only happened
in the region of the cracks where its width was < 1 µm. These results begin to show that for
a specific temperature and CMAS cracks wider than 1 µm will not be sealed. The sealed
cracks showed less CMAS infiltration depth as compared to the ones that were not sealed. It
is important to note that CMAS infiltration and formation of secondary phases that block its
infiltration are two competing phenomenon and thus blocking has to happen soon enough to
prevent the entire coating from damage.
The dense APS coatings on the other hand had shorter thermal cycling life because of a
mixture of several factors including, dense coating, lack of stress relieving vertical cracks
and smaller in plane fracture toughness associated with APS process. Dense coating and
absence of vertical channels resulted in only 25 µm of CMAS infiltration in the coatings
resulting in only 23% reduction from thermal cycling life.

10.6 Effect of CMAS viscosity on infiltration depth

A 5 minutes infiltration carried out with CMAS of different viscosities clearly show that
CMAS viscosity plays a crucial role in the depth of penetration in the TBCs. Low viscosity
CMAS readily penetrate the coating while more viscous CMAS show lesser coating
penetration. It was also observed that irrespective of the CMAS viscosity, horizontal
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spreading of CMAS was observed in the IPBs which limits the depth of penetration. Both
SPPS GZO and SPPS YAG with heavy IPBs demonstrated similar depth of penetration,
though the rate was controlled by different factors. In case of GZO the infiltration was
limited to the vertical channels and controlled by the width of vertical cracks. Narrower
cracks (<1 µm) got sealed at much lower depths. In case of heavy IPB YAG, the rate of
infiltration was governed by the presence of IPBs which drew CMAS into them from the
vertical cracks. As a result, the IPBs in SPPS coatings have been demonstrated as alternate
CMAS mitigation strategy, which solely depends on engineering the microstructure
geometry via processing thereby alleviating the need to use an expensive rare earth dominant
material like gadolinium zirconate. Admittedly, the use of heavy IPB coatings require a
tradeoff of lower erosion resistances to obtain better CMAS resistance.
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